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ABSTRACT  The establishment of apico‐basal polarity and lumen formation are fundamental steps during vertebrate neural tube development.  In zebrafish embryos, the lumen is generated 
de novo from a solid rod structure.  Prior to this, the neural cells acquire apico‐basal polarity when they undergo mirror‐symmetric division and one daughter cell crosses the midline (C‐division).  This specialised division must be tightly regulated in time and space for correct neural tube morphogenesis.  I have shown that delaying convergence in wild‐type tissue results in C‐divisions occurring at the right time but in the wrong place and the generation of neural tube duplications.  This uncoupling of individual cell behaviours from tissue morphogenesis suggests that an intrinsic timer controls cell polarisation and C‐division during neurulation.  I have tested this hypothesis by heterochronic cell transplantation.  I have found that both younger and older transplanted cells polarise according to their age, show a decreased ability to cross the midline during neurulation, and that older cells can generate ectopic lumens within the host neuroepithelium.  These results all support the idea that an intrinsic timer controls cell polarisation and lumen formation.  They suggest that the timer begins even before cells are specified as neural, and can resist many environmental signals during gastrulation and neurulation that could reset it.  I have also investigated the role of the environment in neural cell polarisation by examining the establishment of polarity of cells in embryos with abnormal neural tube morphogenesis, and in extreme ectopic locations both in the embryo and in 3D culture.  Cells can polarise in all these environments, although polarisation can be delayed by 1hour by severe morphogenetic defects.  Lastly I have found that cells do not monitor time by counting the number of cell cycles and that cell polarisation does not even require mirror‐symmetric cell division.  Overall my results highlight the importance of mechanisms that coordinate cell intrinsic programmes with morphogenetic movements and environmental signals, both in time and space, for correct embryogenesis. 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CHAPTER 1 GENERAL INTRODUCTION  The development of an organism requires the tight coordination of many processes such as cell division, morphogenesis, and patterning.  Events must occur both at the right time and in the right place for embryogenesis to proceed successfully.  A huge amount of research has been fruitfully directed at discovering the molecules that direct spatial organisation of cell fates and those that instruct cell behaviour, but little is known about how the sequence and timing of events is controlled.  My project aims to determine whether apical polarisation and a specialised cell division, critical to zebrafish neural tube morphogenesis, are regulated by spatial cues or a timing mechanism.   
1.1 MORPHOGENESIS  
Morphogenesis is the process of how an organism takes its shape and is one of the fundamental aspects of embryogenesis.  Despite this importance however, surprisingly little research has been directed at documenting how organs take shape, and also at investigating which proteins and genes are necessary for normal morphogenesis.  Morphogenesis requires the coordinated movements of many cells with each other; furthermore these movements must be coordinated with the other fundamental processes of embryogenesis, such as proliferation, differentiation, and spatial patterning.  One of the morphogenetic movements that has been best studied is primary neurulation in amniotes, which generates the neural tube, the precursor structure of the brain and spinal cord.  Primary neurulation has been intensely studied in mice, with the discovery of over 100 different gene mutations that all give rise to neural tube defects (NTDs) (Copp et al. 2003; Copp et al. 2010).  This vast array of genes includes members of several different signalling pathways and genes necessary for several different cellular behaviours, suggesting that the tight coordination of many different cellular processes during neurulation is extremely important.   At the start of primary neurulation the neural plate thickens, it then begins to fold and bend inwards at hinge points in the plate (fig 1.1A).  During this rolling processes, the coordinated infolding of a large number of cells together results in a long groove developing down the length of the epithelium.  Towards the end of neurulation the two edges of the neural plate meet at the dorsal midline, and fusion occurs to join the two sides of the neuroepithelium together thus creating a tube that is separated from the original epithelium (Colas et al. 2001; Copp et al. 2003).   Salivary gland development in Drosophila is a second example of a morphogenetic process  
A   Rolling
B   Budding
C   Primary neurulation hinge points
D   Molecular interactions that control hingepoint formation 
Figure 1.1  Primary neurulation is an example of the morphogenetic 
mechanism of rolling an epithelial sheet to form a tube. 
A)   Rolling is one morphogenetic mechanism of tube formation from a polarised 
epithelium.   A groove forms down the length of the epithelial sheet by invagination. 
The sheet continues to rolls up and a tube is formed when the edges of the invaginat-
ing sheet fuse.
B) Budding is a second morphogenetic mechanism of tube formation but involves the 
invagination of a smaller group of cells in an epithelium to form an extension of the 
already existing lumen.
C) Transverse sections through the rolling neural plate to reveal the median hinge 
point (MHP) and the paired dorsolateral hinge points (DLHPs).
D) Molecular interactions between Shh signalling from the notochord and BMP 
signalling in the neural plate control the formation of hinge points during primary 
neurulation.  Yellow triangles, MHP; red triangles, DLHPs; green arrows, stimulatory 
interactions; red lines, inhibitory interactions; dashed lines, inactive influences.
Figures A and B adapted from Lubarsky and Krasnow (2003)
Figures C and D adapted from Copp and Greene (2010)
16
  17 
involving tubulogenesis that is beginning to be characterised.  In the salivary gland the forms by a slightly different mechanism compared to primary neurulation as a small group of cells invaginates to form a local infolding in the epithelial surface in a process called budding (fig 1.1B).  Although the scale of the infolding differs between the two systems, they share common mechanisms of epithelial remodelling, including cell shape changes and cytoskeletal rearrangements.  I will use these two examples to describe two of the cellular mechanisms that drive morphogenesis, cell elongation and apical constriction of cells.  
Cellular mechanisms of  morphogenesis  Cell  e longation The elongation of neural plate cells can be considered to be the first cell shape change to occur during primary neurulation.  The epithelial cells extend along their apico‐basal axis to form a sheet of columnar cells, and this elongation is accompanied by a concurrent decrease in the width of the neural plate (Schoenwolf 1983).  The microtubule cytoskeleton appears to partly drive cell elongation, because after microtubule depolymerisation using nocodazole, the height of cells in the neural plate decreases by approximately 25% (Schoenwolf et al. 1987).  The microtubule cytoskeleton in epithelial cells is coordinated by γ‐tubulin, which acts as a microtubule nucleation centre to organise the microtubules in the apico‐basal axis of the cell (Gunawardane et al. 2000).  It has been shown that the localisation of γ‐tubulin close to the apical surface is important for apico‐basal cell elongation (Lee et al. 2007), and that the protein responsible for the correct distribution of γ‐tubulin is the actin binding protein Shroom3 (Lee et al. 2007).    The elongation of cells before bending is not just a phenomenon restricted to neuroepithelial cells, as it also occurs during Drosophila salivary gland formation.  The secretory cells of the salivary gland change in shape from cuboidal to columnar as they elongate to form a placode.  This is an essential first step in correct gland morphogenesis, although little is known so far about how the cell shape changes are driven and regulated (Andrew et al. 2000).   Apical  constrict ion of  cel ls  The apical constriction of cells is a second cell shape change that is common in the folding of epithelial sheets.  It not only occurs during primary neurulation, but also during gastrulation in both Xenopus (Hardin et al. 1988) and Drosophila (Leptin et al. 1990).  In primary neurulation, cells at specific locations in the midline of the neural plate and along 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the lateral edges of the folding neural plate adopt a wedge shape caused by the apical surfaces of the cells contracting (Schoenwolf et al. 1984).  These cells form the hinge points (fig 1.1C) and they facilitate the bending and folding of the neural plate.  BMP and Shh signalling determines the location of the dorsolateral hinge points (DLHPs) within the neural plate (fig 1.1D), but the apical constriction of cells itself appears to be mostly regulated by the actin cytoskeleton, and in particular the same Shroom family of actin binding proteins that regulate cell elongation during neurulation.  Shrooms are able to cause apical constriction when expressed in a heterologous system (Haigo et al. 2003), and knockdown of Shroom activity prevents the formation of hinge points needed for bending of the neural plate (Haigo et al. 2003).  Therefore it is not surprising that mice lacking Shroom display neural tube defects (Hildebrand et al. 1999).    Proteins that interact with actin and that may be involved in apical constriction include the small GTPases Rho and Rac.  Mice mutant for p190RhoGAP exhibit many abnormalities in brain development, including NTDs (Brouns et al. 2000), suggesting that it is important to control the level of Rho signalling during neurulation.  The precise mechanisms of how the different brain abnormalities arise remains unclear, but it would be interesting to find out if p190RhoGAP has any role in apical constriction.  There is stronger evidence for the requirement of Rac in apical constriction, as Rac is required for the Shroom mediated apical constriction of neural plate cells during Xenopus neurulation (Haigo et al. 2003).  During the budding process of the salivary gland, the dorsal and posterior most cells of the placode undergo apical constriction and begin to internalize.  Other cells of the placode then follow the lead of this initial group to form a tube that is continuous with the outside of the embryo.  One component that is necessary for apical constriction and the concurrent invagination of placode cells is the transcription factor, forkhead, because in forkhead mutants, the salivary glands completely fail to invaginate (Myat et al. 2000).  In summary, the process of apical constriction is common to both rolling and budding tubulogenesis, and appears to be able to drive morphogenesis, likely in concert with other mechanisms, to reshape a polarised epithelium into a tube (Sawyer et al. 2009).  
Cell  division and morphogenesis  The mechanisms that regulate cell division are critical to normal embryonic development.  As well as being responsible for growth (i.e. proliferation), cell division is also used as a mechanism to increase cell diversity (through asymmetric divisions) and has been proposed to contribute to the shaping of tissues during morphogenesis.  There are only a 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few examples in the literature of how cell division can drive morphogenesis, which are discussed below.   A number of years ago it was proposed that spatial control of proliferation is important for cell shape changes during primary neurulation.  Cells in the median hinge point adopt a wedge‐shape morphology, and it has been proposed that an extension in the length of the cell cycle in this region helps to drive the changes in addition to apical constriction.  This hypothesis is supported by studies in chick showing that median hinge point cells have longer gap and DNA synthesis phases of the cell cycle compared to more lateral neural plate cells, and a shorter mitotic phase (Smith et al. 1987).  Moreover, the humpty dumpty mutant mouse that has elevated proliferation in the ventral neural tube has the NTD exencephaly (Kim et al. 2007).  This mutant phenotype is rescued by loss of the cell cycle regulator E2f1, suggesting that abnormal proliferation is the main cause of the NTD.  Lastly, the spina bifida mouse model, curly tail, has a dorso‐ventral imbalance in cell cycle phase in the posterior neuropore region, with more cells in G0/G1 in the notochord and, and more cells in S‐phase dorsally compared to wild‐type.  It has been proposed that this reduced proliferation ventrally is one of the early events that leads to the curly tail phenotype (Copp et al. 1988a; Copp et al. 1988b).  It is currently unclear in general how unregulated proliferation causes NTDs apart from affecting hinge point formation, but one interesting idea is that abnormal cell division and premature differentiation of cells could alter the mechanical properties of the neural plate and thus prevent bending.  Alternatively cell proliferation may be needed for fusion of the neural folds, as this region must undergo extensive remodelling during fusion (Copp et al. 2010).   During zebrafish neurulation cell division is also crucial for the correct morphogenesis of the neural tube.  Prior to lumen formation, cells undergo a characteristic cell division close to the midline of the solid neural rod during which they acquire apico‐basal polarity (Tawk et al. 2007).  This generates pairs of daughter cells with mirror‐image polarity and it directs the localisation of apical proteins to the midline of the rod (Tawk et al. 2007).  It is essential that cells undergo this mirror‐symmetric C‐division at the right time and place to ensure that the apical ends of cells are at the embryonic midline and that a single lumen subsequently forms in the centre of the tube.  In embryos with delayed convergence of the neural tissue towards the midline such as in the zebrafish PCP pathway mutant trilobite (Sepich et al. 2000), mirror‐symmetric cell divisions that usually occur at the midline in wild‐type embryos instead occur in ectopic lateral locations either side of the midline (Tawk et al. 2007).  As apical proteins are deposited at the abscission plane of daughter cells undergoing this division, this leads to the generation of bilateral ectopic apical planes 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and consequently, duplicated neural tubes (Tawk et al. 2007).  This example indicates the powerful morphogenetic influence of cell division for neural tube morphogenesis.    During many morphogenetic processes such as tissue elongation, cell divisions are oriented along a particular axis. It is thought that elongation of the body axis during and after gastrulation is largely driven by cell intercalation (Keller 2002), although some research has shown that cell division may act as part of the driving force for morphogenesis.  The best evidence comes from studies of germband extension in 
Drosophila, during which the whole germ band doubles in length and the posterior end folds back over itself.  Imaging of cell divisions in the posterior germband during the early fast phase of extension showed that divisions were predominantly oriented along the antero‐posterior axis, the direction of extension (da Silva et al. 2007).  Furthermore blocking cell division reduced the rate of germband extension during this phase and also the overall extension (da Silva et al. 2007), showing that oriented cell divisions are necessary for efficient elongation, at least in the posterior part of the germband.  Interestingly in the anterior part of the germband, no cell divisions occur during the fast phase of elongation (Foe 1989), indicating that more than one process can operate within the same tissue in different locations to drive the same morphogenetic movement.    The orientation of cell divisions and their contribution to axis elongation has been investigated in zebrafish embryos too.  During zebrafish gastrulation when cells are undergoing convergence and extension movements towards the dorsal midline, cell divisions are mostly oriented along the antero‐posterior axis.  Cell division orientation is controlled by the planar cell polarity (PCP) signalling pathway, because knockdown of components of this pathway resulted in randomised division orientation (Gong et al. 2004).  It was proposed that oriented cell divisions contributed to axis extension, because daughter cells of divisions occupied a smaller space in the antero‐posterior space upon reduction of PCP signalling compared to controls (Gong et al. 2004).  However, subsequent cell intercalation and movements that the cells underwent after division were not taken into account, and thus it is difficult to separate the contribution of cell division from intercalation.  Moreover, blocking cell division during gastrulation does not cause an obvious reduction in the antero‐posterior length of the embryo (Zhang et al. 2008), suggesting that oriented cell divisions may only play a small role in convergence and extension.    Finally the role of oriented cell divisions to determine organ shape has been investigated in the imaginal discs of Drosophila.  The wing disc is split up into several different 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compartments and clones of cells in these different compartments show characteristic shapes (Resino et al. 2002).  Many clones are elongated in shape, and it is thought that restriction of cell division to certain areas within the disc determines the shape of the adult wing that forms from the disc (Gonzalez‐Gaitan et al. 1994; Resino et al. 2002).  Analysis of the relationship between cell division orientation and clone shape in two different areas of the wing disc revealed that cell divisions were oriented within the clones, and that this orientation was correlated with the direction of elongation of the clone (Baena‐Lopez et al. 2005).  In addition, Baena‐Lopez and colleagues found that the PCP pathway is required for oriented cell division, because in PCP pathway mutants, clones of cells were more circular in shape and the resultant wing was wider and shorter than wild‐type (Resino et al. 2002).  Based on these observations they proposed that cell division orientation drives the shape of organs, rather than cell movements such as intercalation. 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1.2 ESTABLISHMENT OF POLARITY  
Polarity can be defined as asymmetry in cell shape or function and cellular polarity is a fundamental requisite for morphogenesis.  Nearly all cells show some level of asymmetry or polarity, and this is manifest in the shape or cellular architecture of the cells.  Although there is a huge diversity in the shape of cells in multicellular organisms, ranging from cuboidal epithelial cells to highly elongated neurons, polarity is essential for cells to adopt all these shapes and for their functional specialisation.  The coordination of the polarity of individual cells within a tissue is necessary during the formation of many organs, including the CNS.  Furthermore, once the cells are organised into a functional tissue and the three‐dimensional (3D) structure of the organ is established, it is essential that cellular and tissue polarity are maintained for normal organ structure and function.    The importance of the maintenance of epithelial polarity and integrity is evident in diseases such as cancer, where loss of epithelial integrity is a hallmark of cancers deriving from several different organs.  Many polarity proteins are mutated in cancer, and in fact the core polarity proteins Scribble, Lethal giant larvae, and Discs large were first discovered in Drosophila as tumour suppressor genes (Bilder et al. 2000).  The loss of a polarised differentiated structure in cancer cells promotes increased proliferation and invasion into normal adjacent tissue.  Moreover, loss of cell‐cell contact is crucial for the increased cell motility of cancer cells during metastasis (Nguyen et al. 2007).  A recent review on the relationship of tight junctions with breast cancer highlights that loss of tight junctions may promote cancer progression via several different mechanisms including loss of cell polarity, changes in cell fate and increased migration (Brennan et al. 2010).  Finally, the loss of epithelial structure and polarity often correlates with a poor prognosis for the patient (Martin et al. 2004; Nguyen et al. 2007), indicating that understanding both how an epithelium is established and regulated is an important issue in our attempt to tackle and treat cancer.   
The structure of  a  polarised epithelium The most abundant type of polarised cell in mammals is the epithelial cell, which forms the building block of many organs including the vertebrate brain.  All epithelia have several defining features.  They are sheets of columnar shaped cells, connected to each other by tight cell‐cell contacts, sitting on a basal lamina (fig 1.2).  The cells of an epithelium have defined apico‐basal polarity with an apical membrane facing the lumen of an organ (which is the ventricle or central canal in the brain and spinal cord) and a basolateral membrane 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that contacts adjacent cells or the extracellular matrix laterally and the basal lamina basally.  Between the apical and basolateral membranes exists a junctional belt of proteins that is crucial for the structural integrity of the epithelium.  The junctions not only provide a point of cell‐cell contact to anchor cells within the epithelium, but they also act as physiological barriers to prevent the flow of fluid between cells thus isolating the body from the outside environment.  There are four main types of junction between the cells in most epithelia: tight junctions, adherens junctions, desmosomes and gap junctions (fig 1.2A).  Although the junctional components in epithelial cells are relatively conserved across species, the precise arrangement of the junctions can differ (Knust et al. 2002).  I have focussed upon the protein components of adherens and tight junctions, and their organisation in vertebrate epithelial cells.    The most apical junctions in mammalian epithelia are tight junctions.  These are composed of the cytoplasmic scaffolding proteins Zonula adherens (ZO) ‐1, ‐2, and ‐3 and members of the Occludin, Claudin and JAM families of proteins (Hartsock et al. 2008).  The occludins and claudins are both transmembrane proteins and have similar functions in the tight junction.  They are both critical for the function of the paracellular permeability barrier that regulates the permeability and selectivity to ion movement between the cells of an epithelial layer (Tang et al. 2003).  They also serve to separate the apico and basal membrane domains (Tsukita et al. 2001).  ZO‐1, ‐2, and ‐3 are members of the MAGUK (membrane associated guanylate kinase homologues) family of proteins, which through their multiple protein‐protein interaction domains such as PDZ and SH3 domains, they can bind many proteins, including both adherens junction and tight junction components.  They therefore likely act as scaffolding proteins and a link between adherens and tight junctions.  In addition ZOs can interact with the actin cytoskeleton (Hartsock et al. 2008).    Just slightly more basal to the tight junctions lie adherens junctions.  These are composed of transmembrane adhesion proteins such as E‐Cadherin, and the intracellular group of proteins p120 catenin, β‐catenin, and α‐catenin (Nelson 2003).  Adherens junctions mediate cell‐cell adhesion, by the homophilic binding of the extracellular portions of Cadherins between adjacent cells in an epithelium.  The catenins link the Cadherins to the actin cytoskeleton to stabilise the cell‐cell contacts, either directly or via other actin binding proteins, and one study has highlighted a possible link of β‐catenin to microtubules (Ligon et al. 2001).  Cadherin‐mediated cell‐cell adhesion is essential for epithelial integrity, although remodelling of adherens junctions also provides a mechanism for epithelial cellular rearrangements and morphogenesis (Nishimura et al. 2009). 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B   Membrane polarity
A  Junctional complexes
Figure 1.2  The distribution of junctional complexes and membrane 
polarity components in a tubular epithelium. 
A)   The epithelial cells that form tubes are strongly polarised with an apical side that 
faces the lumen and a basal side that sits on the basement membrane. The cells adhere 
to neighbouring cells by junctions and form a permeability barrier to solutes in the 
lumen.  Tight juntions are positioned most apical in a tubular epithelium, adherens 
juntions are situated just basal to tight junctions, and desmosomes are present in the 
lateral membrane below adherens junctions.  Integrins on the basal side of the cell 
interact with the basement membrane and extracellular matrix (ECM).
B)  The correct localisation of specific phospholipids and signalling proteins is crucial 
for the maintenance of apico-basal polarity.  PtdIns(4,5)PΜ is important for apical 
membrane identity, whereas PtdIns(3,4,5)P₃ partly specifies the baso-lateral 
membrane domains.  The two membrane domains are separated by tight junctions 
(TJs), and PTEN localisation at TJs likely controls the localisation of PtdIns(4,5)PΜ to 
the apical membrane. 
Figure adapted from Bryant and Mostov (2008)
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Polarity  proteins and their   junctional   localisation The polarity proteins are a separate group of proteins to junctional components that are also essential for cellular polarity in many cell types including epithelia.  They were first discovered in C. elegans and Drosophila, but since then, highly conserved homologues of polarity proteins in both structure and function, have been discovered in many species including mammals (Goldstein et al. 2007).  The core polarity proteins form three main complexes, named the Par complex, the Crumbs complex and the Scribble complex.  The Par and Crumbs complex are usually located at the apical domain of epithelial cells, but the Scribble complex localises to the lateral membrane (fig 1.3).  Mutually antagonistic interactions between the three complexes are essential for both the establishment and maintenance of apico‐basal polarity.  The complexes are thought to act as scaffolding and signalling centres, to facilitate the coordinated regulation of the cytoskeleton, membrane trafficking and membrane composition necessary for cellular polarity (Goldstein et al. 2007).   The Par  complex   The Par complex comprises four main proteins, Par3, Par6, atypical protein kinase C (aPKC), and Cdc42.  It can be split into two subcomplexes: Par6‐aPKC‐Cdc42 and aPKC‐Par3, the latter of which is often localised to tight junctions (Ebnet et al. 2001), partly through the binding of Par3 to JAM (Itoh et al. 2001).  Disruption of the complex results in a dramatic loss of apico‐basal polarity and tight junction structural integrity (Suzuki et al. 2002).  Par6 and Par3 contain several protein‐protein interaction domains, including PDZ domains (Tepass et al. 2001), through which they bind each other and several other polarity proteins, to order the proteins at the apical junctions (Hurd et al. 2003).  Par6 provides an essential link between Par3 and the other complex components aPKC and Cdc42 (Joberty et al. 2000).  aPKC is a Serine/Threonine kinase and its phosphorylation of several proteins including Par3 is essential for downstream polarity events (Iden et al. 2008).  Overexpression of a dominant negative form of aPKC causes mislocalisation of Par3 in Drosophila showing that Par complex proteins are dependent upon each other for their correct localisation.  Cdc42 is a small GTPase of the Rho family and has essential roles in cellular polarity in a number of different systems (Etienne‐Manneville 2004).  It can regulate both the actin and microtubule cytoskeleton, signalling pathways and even endocytosis, which are all processes essential for the establishment and maintenance of epithelial junctions and polarity (Etienne‐Manneville 2004).   
Figure 1.3  The distribution of the core apico-basal polarity complexes 
within an epithelial cell. 
The three core polarity complexes that are essential for apico-basal polarity in epithe-
lial cells are the Crumbs complex (Crumbs, PALS1 and PATJ), the Par complex (PAR6, 
PAR3 and aPKC, sometimes including Cdc42) and the Scribble complex (LGL1/2, 
Scribble, DLG).  The Crumbs complex localises to or just above TJs, the Par complex 
localises predominantly at tight junctions (TJs) and the Scribble complex localises to 
the lateral membrane.  Reciprocal inhibitory interactions between the complexes (red 
arrows), establish and maintain this asymmetric distribution of the complexes, partly 
mediated by phosphorylation of LGL by aPKC, which prevents the Scribble complex 
moving too far apical.  Mutual exclusion between the the Crumbs and Scribble com-
plexes also helps to maintain apico-basal polarity.
Figure adapted from Iden and Collard (2008)
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The Crumbs complex The Crumbs complex consists of three proteins: Stardust/Pals1, PATJ and Crumbs.  Pals1 and PATJ are both cytoplasmic scaffolding proteins, whereas Crumbs is a transmembrane protein.  The Crumbs complex is often located more apical to the Par complex (Roh et al. 2003), although it can also interact with tight junctions (Schluter et al. 2009).  The Crumbs complex is required for the correct targeting of many proteins towards the apical end of the cell, including occludin, aPKC and ZO‐1 (Roh et al. 2003), and the Crumbs complex may stabilise the apical localisation of the Par complex by directly interacting with Par6 (Hurd 
et al. 2003).  In turn, the Crumbs complex appears to depend upon the Par complex for its stable localisation at the apical surface (Tanentzapf et al. 2003).  The Crumbs complex may also play a role in determining apical membrane identity in the mature epithelium by recruiting spectrin skeletal components and the actin binding protein Dmoesin, which are both necessary for plasma membrane and epithelial integrity (Medina et al. 2002).   The Scribble  complex The Scribble complex consists of Lethal giant larvae (Lgl), Discs large (Dlg), and Scribble.  Each protein is dependent upon the other proteins in the complex for its correct localisation to the basolateral membrane domain.  The main function of the Scribble complex as a whole appears to be to antagonise the Par complex and thereby promote lateral membrane identity (Tanentzapf et al. 2003).  Both Dlg and Scribble contain PDZ protein binding motifs and therefore likely act as scaffolds for proteins that need to be localised to the lateral membrane (Nelson 2003).  An intriguing connection of Lgl with Syntaxin‐a, a SNARE protein involved intracellular vesicular transport, suggests that Lgl may contribute to epithelial polarity by regulating exocytosis (Musch et al. 2002).     
Establishment of  epithelial  polarity  In the many diverse systems in which polarisation is required for function, from single cells to multicellular epithelial sheets, there are several common basic steps in generation of polarity.  Firstly, asymmetry of the cell must be broken.  This is often in response to an external cue, such as cell‐cell contact or contact with the extracellular matrix (ECM).  The next three steps then occur over a similar time period, and are interrelated.  Localised assembly of polarity complexes occurs at the surface landmark, the cytoskeleton is rearranged into a polarised network, and polarised trafficking and endocytosis establish different membrane domains.  Finally, to enable the formation of a mature and functional epithelium with junctional complexes joining adjacent cells, individual cell polarity must be coordinated between cells in the tissue. 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Most of the knowledge we have about generation of polarity in vertebrates comes from the study of polarised cell lines in vitro.  In two‐dimensional (2D) cultures, the establishment of polarity is often studied during assays such as wound healing and after a calcium switch that causes the disassembly of cell‐cell junctions.  In three‐dimensional cultures, single cells are embedded within the matrix and over time they proliferate and generate a polarised cyst (Bryant et al. 2008).  The generation of polarity has been studied in vivo in invertebrates, and because of the close conservation of the core polarity proteins, discoveries of how polarity is generated in flies is also relevant for studies of vertebrate polarity.   I will mainly describe experimental evidence from cell culture studies and 
Drosophila cellularisation to highlight the main steps in the establishment of polarity.  Breaking symmetry It has been difficult to isolate the factors involved in the initial symmetry breaking event using polarised cell cultures, partly because a 2D culture system itself provides a strong polarity cue.  The monolayers of cells sit on a stiff substrate and are thus exposed to the culture medium on the opposite side, and they polarise according to this axis imposed on them.  It is likely that cells in vivo do not receive such a strong cue during organogenesis.  The use of 3D cultures for studying generation of polarity has therefore been more fruitful in determining how symmetry is broken, as the cells are completely surrounded by ECM and do not have such a strong environmental polarity cue.  In this system, symmetry breaking can occur at or soon after the first division, either during cell division as polarity components are localised to the abscission plane of the daughter cells (Jaffe et al. 2008), or by cell‐cell contact between the two daughter cells after division (Martin‐Belmonte et al. 2007a).  Another example of where cell‐cell contact may provide the break in symmetry is shown in the repolarisation of epithelial cells after calcium switch.  If calcium is removed from the medium, then epithelial cells lose their cell‐cell contacts and the epithelium disassembles.  However upon re‐addition of calcium, the cells repolarise, and the cell‐cell adhesion mediated by E‐Cadherin provides the cue for the assembly of polarity complexes (Ebnet et al. 2004).   All cells have an actin cytoskeleton composed of actin filaments that are crosslinked by a variety of actin binding proteins.  Myosin motors generate tension within the filamentous network that is important for maintaining the structure of the cell and for plasma membrane dynamics (Keller et al. 2002).  It is likely that local changes in the relaxation or tension of the actin cytoskeleton provide the initial symmetry‐breaking step, which could 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occur either spontaneously or in response to an external cue.  The local instability of the actin cytoskeleton at the cell cortex may facilitate cell polarity to spontaneously arise (Paluch et al. 2006), or the relaxation of the cell cortex may be an integral part of the polarisation process, exemplified during the polarisation of the C. elegans zygote (Munro 
et al. 2004).   It has also been proposed that polarity can arise spontaneously from small random fluctuations in the stability or localisation of polarity components within the cell that then are amplified by positive feedback mechanisms (Sohrmann et al. 2003).  Studies in yeast have identified a complex consisting of a Cdc42 GEF (guanine nucleotide exchange factor), the scaffold protein, Bem1p, and a Cdc42 effector kinase that localises to random sites in the cell cortex during symmetry breaking (Kozubowski et al. 2008).  The close proximity of the GEF and kinase results in a local increase in Cdc42‐GTP at the cortex that breaks the symmetry in the cell (Kozubowski et al. 2008).   Local ised assembly of  polarity  complexes   The localised assembly of polarity complexes at the specific polarisation landmark site has been investigated using epithelial wound healing as a model system.  During the re‐establishment of polarity after wound healing, polarity proteins are recruited in a particular order that begins with spot‐like adherens junctions forming first at cell‐cell contacts.  These contain E‐Cadherin and ZO‐1 (Yonemura et al. 1995), and Par3 and aPKCλ are only recruited later to the tight junction (Suzuki et al. 2002).  The same study showed that the Par complex was one of the last proteins recruited to the tight junctions, after Claudin‐1, JAM and Occludin (Suzuki et al. 2002).    In contrast to the wound healing assays, the Par3 homologue Bazooka (Baz) appears to be one of the first proteins localised to the future adherens junction during Drosophila cellularisation (Harris et al. 2004).  Its localisation to the apical domain can occur independently of aPKC and Par‐6 but instead is reliant upon the cytoskeleton, and in particular, dynein mediated transport towards the apical side of the cell (Harris et al. 2005).  This shows that despite conservation of the polarity proteins among various species, the precise order in which they are assembled during the establishment of polarity can vary across different systems.    Cytoskeletal  rearrangements  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Another step essential for polarity establishment is the rearrangement of both the actin and microtubule cytoskeleton, as this enables the initial asymmetry site to be reinforced and retained.  In this step, the family of small GTPases seem to be important for localising modulators of the actin cytoskeleton such as Arp2/3 to the polarity landmark, which can then begin to remodel the cortical actin by promoting actin polymerisation (Fukata et al. 2001).  How the microtubule cytoskeleton reorganises to become aligned in the apico‐basal axis of the cell, with microtubule minus ends at the apical pole is not clear, but again polarity proteins and small GTPases may be important for this step.  It has been shown that in migratory cells, Par3 binds the Rac GEF Tiam1, which in turn through aPKC stabilises microtubules to enable persistent migration (Pegtel et al. 2007), so a similar mechanism may exist to reorganise microtubules in the development of an epithelium.    Establishment of  dif ferent  membrane domains   Once the junctional complexes are stabilised, polarity proteins are localised to their correct locations, and the cytoskeleton is polarised, then the trafficking of proteins to specific membrane compartments can take place.  In a genome wide screen for regulators of membrane traffic, all members of the Par complex were found to be regulators of endocytosis (Balklava et al. 2007), thus revealing a potential mechanism for how different membrane domains are generated during establishment of apico‐basal polarity.  Specifically aPKC, through its interaction with the endocytic protein Numb, could regulate endocytosis and membrane trafficking important in the generation of polarity, as in migrating cells, aPKC regulates the activity of Numb, and Numb function is essential for integrin‐mediated cell migration (Nishimura et al. 2007).  Par3 may also help to establish membrane domains by directing the asymmetric distribution of phosphatidylinositol phosphates (PtdIns‐Ps) that are crucial for correct membrane identity.  The conversion of one form of PtdInsP to another is carried out by two groups of enzymes; PI3Kinases catalyse the generation of PtdIns(3,4,5)P3 from PtdIns(4,5)P2, whereas the phosphatase PTEN catalyses the reverse reaction as it removes a phosphate group from PtdIns(3,4,5)P3 to generate PtdIns(4,5)P2.  Junctional proteins may control the localised distribution of the two different forms of PtdInsP by regulating the localisation of PTEN, as Par3‐mediated localisation of PTEN to junctional membranes is also necessary for establishment of polarity in Madine‐Darby Canine Kidney (MDCK) cells (Feng et al. 2008). 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In epithelial cells actin fibres arrange into a circumferential bundle close to the adherens junction, and microtubules orient along the apico‐basal axis.  These rearrangements help to convert the initial spot junctional complexes into the junctional belt of proteins close to the apical surface that is a hallmark of epithelial cells.  Both Par3 and aPKC seem to be required for this step of organising the cytoskeleton, as depletion of aPKCλ inhibits the proper formation of cortical circumferential bundles of actin (Suzuki et al. 2002).   
Maintenance of  epithelial   integrity  Many of the interactions between the core polarity components central to the initial establishment of polarity continue to be important for the maintenance of separate apical and basal domains.  There are reciprocal exclusion mechanisms that prevent an apical complex invading the territory of a basal complex and vice versa (fig 1.3).  For example, aPKC in the apical cortex inhibits the Scribble complex from localizing apically by phosphorylating Lgl and causing Lgl to dissociate from the cortex (Betschinger et al. 2003).  This results in the Scribble complex only being functional in the basolateral membrane.  Likewise, Lgl competes with Par3 for binding to Par6‐aPKC, this sequestering the Par6 complex away from Par3 in the lateral cell cortex (Yamanaka et al. 2003).  This means that the Par complex can only function in the apical cortex, away from Lgl.  These reciprocal inhibitory interactions ensure that each complex is restricted to its respective membrane domains, and that these domains are not overlapping.  Moreover, as the complexes each promote the expansion of the domain with which they are associated, then the apical and basal domains are maintained at a constant size.    Maintenance of the asymmetric distribution of the phospholipids (PtdInsPs) is also crucial for epithelial integrity (fig 1.2B).  The importance of restricting PtdInsPs to their correct membrane compartment is illustrated by the rapid changes in polarity that occur after mislocalising PtdInsPs in the plasma membrane.  Addition of exogenous PtdIns(4,5)P2 to the basal membrane results in erroneous delivery of apical proteins to the basal membrane (Martin‐Belmonte et al. 2007a).  Conversely, exogenous addition of PtdIns(3,4,5)P3 to apical membranes causes loss of apical identity and the trafficking of basal membrane to the basal surface (Gassama‐Diagne et al. 2006).  The core polarity complexes may control PtdInsPs localisation by binding PTEN, restricting it to the tight junction, and thus restricting PtdIns(3,4,5)P3 to the basolateral membrane (von Stein et al. 2005). 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In 3D culture, most epithelial cell lines form small cysts with an apical lumen in the centre.  Two studies have revealed that the ECM component laminin orients cell polarity of MDCK cells via the small GTPase Rac1 and β1‐integrin (O'Brien et al. 2001; Yu et al. 2005b).  A striking inversion of polarity results if either the function of β1‐integrin or Rac1 is inhibited, such that the apical surface of the cysts becomes misoriented towards the matrix.  Further investigation into the molecular mechanism by which the inversion of polarity occurs revealed that the inversion is dependent upon RhoA and its downstream pathway components ROCK1 or Myosin II (Yu et al. 2008), because knockdown of any of these components restored the correct polarity of the cyst after inversion caused by Rac1 or β1‐integrin.  These studies highlight that ECM components are responsible for correct orientation of polarity in vitro.    One study has highlighted a role for the small GTPase Rab8 in maintenance of epithelial integrity.  In cultured MDCK cells, Rab8 acts in membrane trafficking of vesicles towards the basolateral membrane (Huber et al. 1993).  In the intestines of rab8 knockout mice, proteins normally localised to the apical surface were found to be located intracellularly in lysosomes, likely having been endocytosed from the apical plasma membrane (Sato et al. 2007). These two observations suggest that polarised transport pathways within cells are essential for the maintenance of apical and basolateral membrane domains, together with the polarity proteins themselves.    
Cell  division and polarity  The coordination of cell polarity with cell division is an important feature of embryonic development in general as it provides an important mechanism for both generating cell diversity during development and for maintaining a pool of stem cells (Wang et al. 2005a).  The unequal distribution of information in the form of cell fate determinants during mitosis gives rise to daughter cells with different compositions, in a process called asymmetric cell division (Ahringer 2003).  Although study of asymmetric cell division has generated a wealth of knowledge about the interactions between different polarity proteins, it is not such a useful system for the study of how cell polarity is established.  This is partly because in Drosophila neuroblasts, where asymmetric cell division has been best characterised, the neuroblasts inherit and maintain their axis of polarity during delamination from the overlying epithelium.  Thus they do not establish a new axis of symmetry during cell division, but align the spindle and cell fate determinants with the polarity cues already present.  There are a few examples in the literature of the concurrent establishment of cell polarity during cell division, which I briefly mentioned in the section 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on symmetry breaking above.  This however deserves a detailed mention, as the establishment of apical polarity through cell division is an important feature of zebrafish neural tube formation, and one upon which this thesis is focussed.  The analysis of cell division just prior to lumen formation in zebrafish neurulation provided the first observations that apical polarity could be established during cell division (Tawk et al. 2007).  Examination of the distribution of Pard3‐GFP in individual cells showed that Pard3‐GFP became localised to the cleavage furrow or abscission plane between the daughter cells (Tawk et al. 2007).  Pard3‐GFP remained strongly localised to the medial ends of the two daughter cells, which resulted in the generation of pairs of sister cell with mirror‐image apico‐basal polarity (Tawk et al. 2007).  The observation that daughter cells after cell division displayed a striking mirror‐image appearance in both cell shape and behaviour was actually documented over thirty years ago in a study of 3T3 cells in culture (Albrecht‐Buehler 1977).  In this paper many daughter cells showed mirror‐symmetry in their directional migration and organisation of their actin cytoskeleton for many hours after division (Albrecht‐Buehler 1977).  The biological significance of this mirror‐symmetry was not known at the time, but it suggested that some behaviours of cells are determined at mitosis.    Recently, two independent studies of cyst formation from single‐cell suspensions in 3D culture have proposed that the early stages of polarity establishment are coupled to cell division.  One study used Caco‐2 cells, an epithelial gut cell line (Jaffe et al. 2008), and the other used Madin‐Darby Canine Kidney (MDCK) epithelial cells (Schluter et al. 2009).  Single Caco‐2 cells at the start of the culture did not show any signs of polarity, as aPKC was localised all around the cell periphery.  However, after cell division ZO‐1 and aPKC were localised between the two cells indicating the presence of an apical domain (Jaffe et 
al. 2008).  Furthermore the apical surface appeared to be specified during cell division, because aPKC colocalised with tubulin at the midbody of the abscission site between the two daughter cells just after division (Jaffe et al. 2008).  The second study followed the localisation of Crumbs3a (Crb3a) during the first cell division of MDCK cells in culture.  The localisation of GFP‐Crb3a changed from an intracellular cytosolic location close to the mitotic spindles in early mitosis, to being localised between the two daughter nuclei in late mitosis, and finally becoming solely present at the plasma membrane at the location where the two cells completed abscission (Schluter et al. 2009).  This suggests that during mitosis, GFP‐Crb3a is trafficked in vesicles to the abscission site between the two cells where upon exocytosis, apical membrane is generated, which subsequently allows the formation of a small lumen. 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Although the establishment of polarity through cell division is emerging as a concept important for lumen formation in vitro and in vivo, there is still much to find out this is achieved.  It has been proposed that local changes in cortex tension drive cell shape during cell division (DeBiasio et al. 1996), and as local changes in the cytoskeleton may also promote symmetry breaking, then this provides a possible link between polarity and cell division.  Intracellular membrane trafficking is necessary for the completion of abscission, to bring vesicles to the cleavage site where they fuse with the plasma membrane to separate the two daughter cells (Skop et al. 2001; Shuster et al. 2002).  If apical membrane determinants are contained in the vesicles trafficked to the fusion site, then establishment of membrane polarity would occur concurrently with completion of abscission.  Finally, phosphoinositide signalling may provide a link between cell polarity and division, because when Dictyostelium cells divide, the phosphatase PTEN is localised to the cleavage furrow and the kinase PI3K functions at the cell poles (Janetopoulos et al. 2005).  This generates a localised distribution of different phosphoinositides that is essential for cell division, in particular for cleavage furrow ingression and cytokinesis (Janetopoulos et al. 2005).  As phosphoinositides can determine membrane identity (Gassama‐Diagne et al. 2006), then this suggests another link between polarity and cytokinesis.  It will be interesting to find out which, if any, of these molecular mechanisms are important for the targeting of apical proteins to the abscission plane between daughter cells. 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1.3 LUMEN FORMATION  
Lumen formation is a fundamental step during the organogenesis of many organs including the heart, gut and brain.  Moreover the size and shape of the tubes are critical for correct functioning of many organs.  Although the tubular architecture in the different organs can be widely different, they do all share one common feature, which is that the cells comprising the tube are polarised.  The cells have an apical side facing the lumen and a basal side contacting a basal lamina or neighbouring cells.  The morphogenetic mechanisms of tube formation vary enormously between the different tissues but ultimately all must end with the basic structure of a polarised epithelium surrounding a lumen.  In fact, a lumen can only form after the cells of the tissue have acquired apico‐basal polarity.  The different morphogenetic mechanisms for tube formation largely fall into two categories, depending on when the cells of the tube become polarised.  During wrapping, and budding, an already polarised epithelium is reshaped to form a tube, (fig 1.1A,B).  However, a tube can be generated de novo from a solid unpolarised group of cells, such as during cavitation and hollowing (fig 1.4).   Knowledge of the cellular and molecular mechanisms of lumen formation mostly derives from studies using mammalian polarised cell lines in culture or invertebrate model systems.  Culture systems, especially 3D culture systems, have provided an accessible system to carry out experiments, such as biochemical analysis and imaging studies that until recently have proved difficult in the embryo.  Recently though the mechanisms of tube formation in vertebrates have been investigated through live imaging of neural tube formation and blood vessel formation.  Culture systems have also been useful for studying the role of the environment in directing lumen formation as the culture medium can be manipulated in terms of its physical properties, such as stiffness, its constituent ECM components, and even the growth factors and signalling molecules present.  I have previously highlighted the key cellular shape changes of lumen formation from a polarised epithelium in the description of primary neurulation in section 1.1, so will focus upon de 
novo tube formation in this section.   
Mechanisms of  de  novo   lumen formation The three main mechanisms for forming a lumen from a group of unpolarised cells are cord hollowing, cell hollowing and cavitation (fig 1.4).  Cavitation is traditionally defined as the formation of a tube from a solid group of cells by apoptosis of the central cells to form a luminal space.  However, the integral role for apoptosis in creating a lumen is not 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entirely clear, as even in systems where apoptosis is thought to be essential for lumen formation, blocking apoptotic cell death only delays lumen formation (Mailleux et al. 2007).  Moreover, it has been proposed that cell death of lumenal cells is a mechanism for simply clearing unpolarised cells from the central lumen in MDCK cells (Martin‐Belmonte 
et al. 2008), as an additional part of tubulogenesis.   The initial events of cavitation may therefore be similar to cord hollowing, as polarisation of the outer cells does not depend upon apoptosis (Mailleux et al. 2007), and thus cavitation can be viewed as an extension or variation in cord hollowing in some senses (Andrew et al. 2009).  Further research is needed to find out if apoptosis is a driving force for lumen formation or whether it just helps make the process more efficient by clearing up leftover cells.  Evidence to support the latter model comes from studies of cells in culture plated upon small micropatterned areas of extracellular matrix (ECM).  If cells are restricted in their cell extension by progressively patterning the substrate to a smaller and smaller area, cells can be forced to undergo apoptosis (Chen et al. 1997).  This shows that loss of adhesion to the ECM can result in cell death and suggests that a similar mechanism may occur when cells become located in the centre of the cluster and thus detached from the ECM during lumen formation.    Cord hollowing is the formation of a lumen, de novo, between cells, whereas in cell hollowing the lumen forms within the cytoplasm of a single cell (Lubarsky et al. 2003).  Therefore, not surprisingly, during both cord and cell hollowing, similar mechanisms and molecular machinery control lumen formation.  The two main mechanisms are the synthesis of vesicles consisting of new apical membrane inside the cells, and their fusion with the plasma membrane.  In this way, the cells become polarised and a lumen forms coincidentally.    Vesic le  coalescence to   form an  intracel lular   lumen Single cell hollowing is a mechanism commonly used for lumen formation in small diameter tubes, such as capillaries.  Live imaging of the formation of endothelial tubes in the zebrafish revealed for the first time that endothelial tubes form in vivo by cell hollowing.  These studies showed that small vesicles form within the cells, which gradually coalesce to form a large intracellular vesicle (Kamei et al. 2006).  Eventually the large vesicle must fuse with the plasma membrane to form a channel through the cell that eventually joins up with the lumen in the neighbouring cell to form a continuous tube.  The proteins involved in vesicle formation and coalescence have also been investigated using HUVEC cells in 3D culture as a model of angiogenesis.  In this system, when the pinocytosis 
A   Cavitation
B   Cord Hollowing
C   Cell Hollowing
Figure 1.4  Morphogenetic mechanisms of de novo tube formation 
A)  During the process of cavitation a solid rod of cells is converted into a tube by 
apoptosis of centrally located cells to create a lumen.  The outer cells must also 
acquire apico-basal polarity to form a tubular epithelium.
B)  Cord hollowing is also the generation of a lumen from a solid rod of cells but this 
does not involve apoptosis, just generation of apical membrane in the centre of the 
rod comcomitant with cell polarisation.
C)  Cell hollowing is the formation of a lumen in the cytoplasm of a single cell that 
extends down the length of the cell.  It involves the biogenesis, coalescence and fusion 
of intracelullar vesicles to create a lumenal space bound by apical membrane.
D) de novo tube formation involved the generation of many intracellular 
vesicles that are trafficked towards the centre of the rod or cyst.  Upon their fusion 
with the plasma membrane, apical membrane is deposited at the centre of the cyst, 
and the fluid released into the extracelullar space between the cells begins the 
formation of a small lumen.  The proteins known to be involved in directing and 
orienting this process are highlighted in green and include both apical polarity 
proteins and basal cues. 
Figures A-C adapted from Lubarsky and Krasnow (2002)
Figure D adapted from Bryant and Mostov (2008)
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of plasma membrane was inhibited using specific antibodies to Integrins then lumen formation failed to occur (Davis et al. 1996).  The small GTPases Cdc42 and Rac1 have also been implicated in vesicle coalescence because overexpression of dominant negative Cdc42 inhibited the early stages of vacuole formation, and overexpression of Rac1 caused vesicles to collapse inside the cells (Bayless et al. 2002).   A recent study of terminal branching in the Drosophila trachea has revealed a different model of cell hollowing in which vesicles do not coalesce within the cell to form one large vesicle that subsequently fuses to the plasma membrane.  In the trachea lumen formation appears to be a directional process, as growth of a new lumen occurs inwards from one end of the cell.  The lumen then extends through the cell as the cell itself elongates, by fusion of vesicles to the existing lumen all along the lumen length (Gervais et al. 2010).  In this system both lumen formation and cell elongation depended upon an organised microtubule network, which in turn was controlled by asymmetric actin accumulation within the cell (Gervais et al. 2010).    Exocytosis   to  generate   intercel lular   lumens   The exocytosis of vesicles with the plasma membrane is the main step in the formation of a lumen during cord hollowing.  Upon vesicle fusion with the plasma membrane, the vesicles deliver apical membrane components and the fluid they contain to the space between cells.  Thus the cells become polarised and a small intercellular lumen forms simultaneously.  The continued delivery of vesicles to the same central location within a cluster of cells results in apical membrane and lumen enlargement and the generation of a single expanded lumen.    Some of the molecular components involved in vesicular exocytosis during cord hollowing have been identified from studies of cyst formation in 3D culture (fig 1.4D).  The lipid phosphatase PTEN is one of the first proteins to localise to the newly formed apical membrane in MDCK cells (Martin‐Belmonte et al. 2007a).  The resulting enrichment of PtdIns(4,5)2 at the apical membrane then recruits Cdc42 via Annexin, which in turn binds aPKC thus directing the Par complex to the apical membrane (Martin‐Belmonte et al. 2007a).  Not surprisingly, when most of these components are knocked down in MDCK cells, lumen formation is disrupted, as the cysts display multiple lumens (Martin‐Belmonte 
et al. 2007a).  The biogenesis of apical membrane per se however is unaffected, as large intracellular vesicles that are positive for the apical marker gp135 are still generated. 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Rather it is the delivery of these vesicles to the centre of the cyst and fusion with the plasma membrane that is disrupted.    Further work studying Caco‐2 cells in 3D culture has shed light on the involvement of Cdc42 during cyst formation.  In this system, Cdc42 does not seem to be important for the formation of the apical surface itself, but primarily for the organisation and co‐ordination of spindle orientation during cyst morphogenesis.  Knock down of cdc42 by small interfering RNAs (siRNAs) resulted in multiple apical lumens that were intercellular but mislocalised away from the centre of the cluster of cells (Jaffe et al. 2008).  These aberrant lumens formed primarily from a disruption in the spindle and cleavage furrow orientation of dividing cells, which then resulted in ectopic abscission sites and ectopic lumens because the apical proteins were still correctly targeted to the abscission sites (Jaffe et al. 2008).  Thus during cyst growth after apical domain establishment at the 2‐cell stage, the apical membrane is maintained at the centre of the cyst firstly, by orienting the mitotic spindle to produce an apico‐basal oriented cleavage plane, and secondly by asymmetric abscission at the most apical end of the cells.   The role of Cdc42 in vesicle exocytosis has also been investigated during pancreas development in vivo (Kesavan et al. 2009).  Interestingly upon knock out of Cdc42, there are two luminal defects.  Some apical vesicles fail to fuse with the plasma membrane and form autocellular lumens, which is similar to the defect seen upon Cdc42 knockdown in MDCK cells.  However, some small intercellular lumens are also generated, showing that fusion with the plasma membrane is not completely abolished but that coalescence of these lumens to form a single central multicellular lumen does fail (similar to the phenotype of Cdc42 knockdown in Caco‐2 cells).  Taking all of these studies together it appears that Cdc42 has important roles during vesicle exocytosis, both in regulating exocytosis itself and in coordinating cell behaviours such as cell division with the axis of polarity to ensure correct lumen formation. 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A   Egg timer B   Clock C   Series of switches
Input
Timing mechanism
Output
Turning the egg timer
Running of the sand
Filling and emptying of 
chambers
Winding the clock
Turning of the hands
Different hand position
Initial expression of Target 1 
Sequential inhibitory interactions
Changing of stage specific factors
Stage 1                     Stage 2                    Stage 3
Figure 1.5  The three different types of developmental timing 
mechanisms.
 
A)  An egg-timer mechanism is linear and is usually based upon the decrease or 
build-up of an intracellular factor that initiates a response when it reaches a thresh-
old level.  An example is the oligodendrocyte differentiation timer.
B)  A clock mechanism is cyclical and is based upon a feedback loop that generates a 
repeated periodic expression or activation of intracellular factors. Examples include 
the somitogenesis clock and circadian rhythms.
C)  A series of switches create a linear timing mechanism that generates sequential 
activiation of intracellular factors that each define a particular period in time.  Exam-
ple of this type of timer include the heterochronic genes and Drosophila neuroblast 
temporal fate determinants.
Figures adapted from Johnson and Day (2000) and Moss (2007)
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A  Clock:  Somitogenesis
B  Switches: Heterochronic genes
Figure 1.6  The “clock and wavefront” model of somitogenesis, and the 
C. elegans heterochronic gene cascade. 
A)  The somitogenesis clock creates waves of oscillating gene expression in the 
presomitic mesoderm.  Where the wave meets the anterior end of the presomitic 
mesoderm a new somite forms.  As the body axis elongates over time, new somites 
form sequentially, one every 30minutes in zebrafish.  
B)  Development in wild-type C. elegans proceeds through four larvals (L1-L4) moults 
before adulthood (Ad).  Heterochronic gene mutants have either a precocious (lin-14 
lf) phenotype where one developmental stage is skipped, in this case L1, or retarded 
phenotype (lin-29 lf) where stages are repeated and development does not progress 
to the next stage, which in this example is L4.
C)  The heterochronic genes form a series of binary switches that control the  differ-
ent stages of development in time, by way of multiple inhbitory interactions between 
genes in the early and late timers.  Many of the heterochronic genes are miRNAs, or 
miRNA regulators.
Figure A adapted from Mara and Holley (2007).
Figure B adapted from Abbott (2007)
Figure C adapted from Nimmo and Slack (2009)
C  Heterochronic gene cascade in seam 
stem cells
L1/L2, L2/L3              L3/L4, L4/Ad  
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1.5 ZEBRAFISH NEURAL TUBE FORMATION  
The process of neural tube formation, or neurulation is a very early event in the development of the embryo, and is arguably the first morphogenetic movement in development of the CNS.  It is an important process to study because when the neural tube fails to close, neural tube defects (NTDs) arise, which are one of the most common congenital defects in human pregnancies, occurring at a frequency of 1 in every 1000 births (Copp et al. 2003).  The most severe NTD is craniorachiscisis in which the neural tube is open down the whole length.  NTDs may also be present at specific regions in the brain or spinal cord; for example in spina bifida only the sacral segments of the spine fail to close. 
 
Morphogenetic  mechanisms of  neural  tube formation   Primary and secondary neurulation  in  amniotes In amniotes, the neural tube forms by one of two mechanisms depending on antero‐posterior location. All of the brain and most of the spinal cord forms by primary neurulation, with only the most sacral spinal regions undergoing secondary neurulation.  At the start of primary neurulation the neural plate thickens, then begins to fold and bend inwards at hinge points in the plate (fig 1.7A).  Where the two edges of the neural plate meet at the dorsal midline, fusion occurs to join the two sides of the neuroepithelium together, thus creating a tube (Colas et al. 2001; Copp et al. 2003).  In contrast, secondary neurulation begins with the aggregation of an unpolarised group of mesenchymal cells at the midline to form a solid rod.  The cells must then acquire apico‐basal polarity so that the rod can cavitate to form a tube (fig 1.7B).    The process of secondary neurulation is poorly understood, especially the mesenchymal to epithelial transition, perhaps partly because there appears to be variation in the mechanism among species and at different stages of embryogenesis.  In chick embryos, the outer cells of the rod seem to elongate and adopt epithelial characteristics first, leaving a central core of unpolarised cells (Schoenwolf et al. 1980).  Small lumens then form first at the interface of the two types of cells, which then develop into a larger central lumen as inner cells subsequently elongate and likely intercalate with the outer cells (Schoenwolf et 
al. 1980).  In human embryos, multiple small lumens have also been observed, which must then coalesce together to from a single central lumen (Saitsu et al. 2004).  In mice, two other mechanisms of lumen formation have been documented.  One mechanism involves 
A B
Figure 1.7  Primary and secondary neurulation in amniotes.
A)  Primary neurulation begins when the existing polarised epithelial cells elongate in 
their apico-basal axis to form the neural plate.  The neural plate then folds at the 
midline and rolls up.  A tube is formed when the dorsal edges of the rolled neural 
plate fuse at the dorsal midline.
B)  Secondary neurulation begins when mesenchymal cells aggregate at the midline 
and condense to form a solid neural rod.  The cells then undergo a mesenchymal to 
epithelial transition and acquire apico-basal polarity necessary for the formation of a 
lumen from the solid rod to complete tube formation.
Figure taken from Lowery and Sive, 2004.
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the formation of a small rosette structure with epithelial characteristics that expands over time as cells join the rosette to form the neural tube (Schoenwolf 1984).  In the second mechanism, cells in the dorsal part of the rod first become epithelial, and then other cells join ventrally to form the rest of the neural tube (Lowery et al. 2004).  Ultrastructural analysis of secondary neurulation in mouse suggests that junctional complexes are localised to the inner ends of cells at cavitation stages (Schoenwolf 1984), but the dynamic nature of cell polarisation and lumen formation during secondary neurulation remains completely unexplored.   Zebrafish  neural   tube morphogenesis    Zebrafish neurulation begins at the end of gastrulation when the dorsal ectoderm thickens to form the neural plate (Lowery et al. 2004).  The tissue then converges towards the midline where it infolds to form the neural keel, an intermediate and transient primordium (fig 1.8A).  During keel formation cells elongate along their superficial deep axis and thus begin to intercalate with their neighbours on the same side of the neural keel (Hong et al. 2006).  These are the start of the large cell rearrangements that begin to convert the multilayered hindbrain neural plate into the single‐layered neuroepithelium of the brain.  It has been proposed that the cell‐cell adhesion molecule N‐Cadherin plays a role in this superficial‐deep intercalation of neural plate and keel cells (Hong et al. 2006).  In the neural keel, the cells on the two sides of the neural plate meet and interdigitate across the midline at all dorso‐ventral levels as their processes extend across the midline (Hong et al. 2006).  As the keel rounds up to form a solid rod, further extensive cell rearrangements take place when cells divide at the midline and one daughter cell intercalates into the contralateral side of the neural rod (Kimmel et al. 1994; Concha et al. 1998; Geldmacher‐Voss et al. 2003; Tawk et al. 2007).  This results in two columns of cells, one on each side of the neural rod and thus clears cellular processes from lying across the midline (Tawk et al. 2007).  A proper pseudostratified neuroepithelium with well‐defined apico‐basal polarity is subsequently established, with the apical surfaces of the epithelia on each side of the neural rod located at the embryonic midline.  Finally the two sides of the rod separate to form a tube and complete neurulation (Lowery et al. 2004; Clarke 2009).    The description of zebrafish neurulation just given applies to hindbrain and spinal cord regions of the CNS.   Morphogenesis of the forebrain during neurulation involves the evagination of the eye field, and is therefore more complex than in hindbrain and spinal 
Figure 1.8  Zebrafish neural tube morphogenesis in wild-type and 
trilobite mutant embryos.
Diagrams to show the cellular organisation and behaviours at the different stages of 
zebrafish neurulation in transverse section.  
A)  At the beginning of neurulation, the neural plate is a multilayered tissue, that is 
not a conventional epithelium and does not have apico-basal polarity.  Convergence of 
the neural plate and invagination of the tissue at the midline forms the neural keel.  
The keel then rounds up to form a solid rod, and the last step in neurulation is the 
opening of a lumen to form a tube.  Cell divisions follow stereotypical patterns during 
neurulation especially in the late keel when cell divisions are localised close to the 
embryonic midline.  These divisions separate sister cells across the midline and 
Pard3-GFP (red) accumulates at the cleavage plane or abscission site of cells during 
this crossing division.  This results in pairs of daughter cells each with mirror-image 
polarity aligned into two columns within the neural rod.  The apical proteins are thus 
localised to the midline of the neural rod and enable the formation of a proper 
neuroepithelium and the single central lumen to open.
B)  At the beginning of neurulation in trilobite (tri) the neural plate is wider than in 
wild-type embryos.  This means that at 15hpf, cells undergo mirror-symmetric cell 
divisions in ectopic lateral locations across the superficial-deep axis of the neural 
plate .  This generates ectopic apical surfaces either side of the embryonic midline and 
leads to the formation of duplicated neural tubes, lying side by side.  
Cells on the left and right sides of the plate are filled or in outline to emphasise that 
cells from one side of the plate contribute to both sides of the tube.  The basal marker 
GFAP is shown in yellow.
Figure adapted from Clarke, 2009
A
B
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cord regions.  Tracking of cell nuclei during forebrain neurulation revealed that cells do not simply converge in a medio‐lateral direction towards the midline.  Instead the whole anterior neural plate contracts, with lateral cells moving in a posterior direction towards a focus at the hypothalamic anlagen that is initially located at the posterior most end of the anterior neural plate (England et al. 2006).  The hypothalamic cells then subduct and move anteriorly underneath the eye field to emerge anterior to the telencephalon, while convergence narrows the neural plate (England et al. 2006).  The eye field then begins to evaginate at the same time as diencephalic precursors move in an anterior direction along the midline and the telencephalic precursors move dorsally and medially to meet at the dorsal midline (England et al. 2006).  Thus forebrain neurulation proceeds by mechanisms more complex than a simple neural keel, as the neural plate also folds to form lateral outpockets of tissue.  Despite this complex morphogenesis, midline‐crossing divisions similar to those in the hindbrain are evident in the diencephalon during neurulation (my unpublished observations), although they are probably not so prevalent in the forebrain as in the hindbrain.  This indicates that although forebrain neurulation is complicated by the concomitant evagination of the eye fields, it does at least share some cell behaviours and mechanisms with neurulation in other brain regions.   Zebrafish hindbrain neurulation has features of both primary and secondary neurulation.  Features similar to primary neurulation include the formation of a neural plate that converges towards the midline (Lowery et al. 2004).  However, in contrast to the polarised epithelial structure of the Xenopus and amniote neural plate, the zebrafish neural plate is not a conventional epithelium, as the cells do not display obvious apico‐basal polarity (Geldmacher‐Voss et al. 2003; Hong et al. 2006; Tawk et al. 2007; Yang et al. 2009).  Other features of zebrafish neurulation are more similar to secondary neurulation, such as the formation of a solid rod, which then opens to form a tube.  The detailed mechanisms of how the posterior neural tube of amniotes cavitates during secondary neurulation are unclear, but as mentioned above a lumen forms in zebrafish by cell rearrangements, not apoptosis.  The opportunity for excellent optical imaging of development in the zebrafish embryo has resulted in the emergence of neurulation in zebrafish as a useful model system for the study of the generation of polarity and lumen formation in vivo, with potential implications for the morphogenetic mechanisms of secondary neurulation.    
Cell  behaviours during the keel  to  tube transition Neurulation requires the coordination of several cellular behaviours with tissue movements to ensure correct neural tube morphogenesis.  In this section I will focus upon 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the cell behaviours of cell division and polarisation that occur during the keel to rod stages of zebrafish neurulation, secondly describe in detail our current knowledge of how they are regulated, and finally highlight the importance of tightly coordinating cellular behaviour during neurulation.    Cel l  division Cell division is tightly coupled to the morphogenetic movements of zebrafish neurulation.  In the neural plate, cells divide aligned with the superficial deep axis of the plate, and as the tissue invaginates to form a keel, the orientation of division gradually changes though 90˚ to become aligned with the mediolateral axis (Tawk et al. 2007).  The cell divisions at late keel and rod stages are characterised by their location close to the midline of the tissue and the separation of daughter cells across the midline to deposit one daughter cell on each side of the rod (fig 3.1B, Kimmel et al. 1994; Geldmacher‐Voss et al. 2003; Tawk et 
al. 2007).  The pairs of daughter cells stretch equally across the rod, and this leads to the generation of two columns of cells with the contact point of sister cells at the embryonic midline.  This defines a seam in the centre of the rod, where the lumen will later form.    There are several important features to note about this midline crossing or C‐division. Firstly, unless a cell undergoes this division, it cannot cross the midline and integrate into the other side of the neural rod.  This was shown by time‐lapse imaging (Concha et al. 1998), and also experimentally by blocking cell division and observing that cell crossing was abolished (Tawk et al. 2007).  Secondly most neural progenitor cells in the hindbrain and anterior spinal cord undergo this division (Kimmel et al. 1994; Lyons et al. 2003).  Thirdly, it occurs at the time when apico‐basal polarity is being established in the neural tissue (Tawk et al. 2007), and generates pairs of daughter cells with mirror‐image symmetry.  This is crucial for neural tube morphogenesis and the generation of apical polarity as described below.  Mirror‐symmetric  cel l  division The close relationship between this specialised midline‐crossing division (C‐division) and apical polarity was revealed by labelling neural cells with a GFP‐fusion protein of Pard3 and imaging the establishment of polarity at the cellular level by time‐lapse microscopy.  Zebrafish Pard3 is the orthologue of the core polarity protein Par3 in C. elegans, and was originally called ASIP in zebrafish for aPKC isotype‐specific interacting protein (von Trotha et al. 2006).  It was observed that Pard3‐GFP first became polarised within the cell during cytokinesis, as it localised to the cleavage furrow or abscission site of cells 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undergoing C‐division (Tawk et al. 2007).  Pard3‐GFP remains at the medial ends of the two daughter cells as they elongate across their respective sides of the neural rod (fig 1.8).  The targeting of Pard3‐GFP to the abscission site of pairs of daughter cells not only results in the two daughter cells acquiring mirror image polarity with respect to each other, but also in the localisation of Pard3‐GFP to the midline of the neural rod (Tawk et al. 2007).   The mirror‐symmetric inheritance of another apical component fusion protein, Pard6‐GFP, has also been observed during midline crossing divisions (Munson et al. 2008) suggesting that this could be a common method for localising apical proteins to the midline.  The delivery of apical proteins to the midline in this way facilitates the localisation of apical proteins to a single midline plane, and subsequently the formation of junctional contacts between cells on the same side of the rod generates two apical surfaces with a single central lumen between them.  The functional importance of Pard3 for midline crossing behaviour has been investigated using morpholino knockdown of pard3 and overexpression of Pard3‐∆6‐GFP, which lacks the aPKC binding domain and is thus proposed to function as a dominant negative form of Pard3 (von Trotha et al. 2006).  Pard3‐∆6‐GFP does not localise to the cleavage furrow or prospective apical ends of cells during C‐division, and both daughter cells remain on the same side of the midline (Tawk et 
al. 2007).  Morpholino knock down of pard3 similarly reduces the ability of cells to cross the midline (Tawk et al. 2007) suggesting that the mirror‐image polarity of cells generated during C‐division may be necessary for each daughter to integrate into the appropriate side of the neural rod.    The mirror‐symmetric nature of polarisation of C‐divisions has mostly been studied using overexpression of the fusion protein Pard3‐GFP.  One concern is that the fusion protein may not be representative of the localisation of the endogenous protein.  However several different GFP fusion proteins expressed at the same concentration in neural keel and rod cells are not specifically enriched at the cleavage plane of cells undergoing mirror‐symmetric C‐division (Tawk et al. 2007), suggesting that this targeting is a real phenomenon.  Moreover, Pard3‐GFP accurately localises to the junctional belt close to the ventricular surface of cells in the neuroepithelium (fig1.9), which matches its predicted location usually associated with tight junctions in a mature epithelium (Hirose et al. 2002).  Additionally, immunohistochemistry with a sample of Pard3 antisera showed that endogenous Pard3 was located to the midline of the neural rod with the same distribution as Pard3‐GFP (Tawk et al. 2007).  Finally the localisation of other apical components to the abscission plane of cells undergoing division has been reported during apical polarity 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Figure 1.9  Pard3-GFP localises to junctional belts of neuroepithelial 
cells.
A)  Confocal micrograph of two neuroepithelial cells labelled with H2B-RFP and 
Pard3-GFP.  The cells have an elongated morphology and Pard3-GFP localises 
asymmetrically forming in a ring close to the lumenal or apical surface of the 
neuroepithelium.
B)  Confocal micrograph of a neuroepithelial cell labelled with H2B-RFP and 
Pard3-GFP undergoing cell division.  Pard3-GFP localisation in a ring is         
maintained when cells rounds up to divide at the apical or ventricular surface of 
the neural tube.
C-C'')  Confocal micrographs of the ventricular surface of the neuroepithelium 
labelled with Pard3-GFP and ZO-1.  Both proteins show a similar reticular 
network pattern of localisation, which represents the belts of junctional proteins 
localised close to the ventricular surface that separate apical and basal 
membrane domains.  Areas of colocalisation of the two proteins are yellow in C.  
Images kindly provided by Paula Alexandre
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establishment in cyst formation in culture.  The fusion protein GFP‐Crumbs3a has been reported to localise to the abscission plane of cells in MDCK cells (Schluter et al. 2009), and endogenous aPKC localises to the midbody of Caco‐2 cells undergoing division (Martin‐Belmonte et al. 2007a; Jaffe et al. 2008; Schluter et al. 2009).  This shows that cleavage plane targeting of apical proteins to the cleavage plane may be a common mechanism for establishing apical polarity.  All of these observations strongly suggest that localisation of Pard3‐GFP reflects that of the endogenous protein, and therefore that the fusion protein is a valuable tool to reveal the dynamic nature of cell polarisation.   
Establishment of  apico­basal  polarity  at  the tissue level  The localisation of GFP fusion proteins Pard3 and Pard6 reveals that the acquisition of apico‐basal polarity occurs during keel and rod stages of neurulation (Tawk et al. 2007; Munson et al. 2008).  The generation of polarity has been also been studied by immunohistochemistry for polarity components including the tight junction component ZO‐1, the adherens junction components N‐Cadherin and β‐catenin, the core polarity proteins aPKC and Nok (zebrafish PALS1 homologue) and the protein Lin7c that interacts with Nok (Wei et al. 2006).  The first of these proteins to become expressed are ZO‐1 and N‐Cad, which show a scattered punctate distribution in the neural plate (Yang et al. 2009).  Their localisation to puncta and not to a defined apical plane shows that an apical surface is not yet established in these cells, a finding which is further corroborated by the lack of any detectable specific aPKC staining (Geldmacher‐Voss et al. 2003).  As neurulation progresses and the two halves of the neural plate meet during neural keel stages, aPKC, β‐catenin, ZO‐1, Nok and Lin7c all become enriched at the midline, with the ventral most cells polarising first (Geldmacher‐Voss et al. 2003; Yang et al. 2009).  The density of midline labelling increases over time, and by rod and tube stages all junctional proteins studied become localised to the apical ends of neural progenitor cells (Geldmacher‐Voss et 
al. 2003; Yang et al. 2009).   The punctate distribution of polarity components ZO‐1 and N‐Cad in the early neural keel suggests that focal accumulations of these two proteins appear before puncta of other polarity proteins such as Pard3‐GFP and aPKC.  Although the initial cellular localisation of the ZO‐1 and N‐Cad puncta is not clear, the puncta do progressively become localised at the midline through time, similar to other polarity proteins.  It has been proposed that the function of later expressed apical‐proteins such as aPKC, Lin7c and Nok is to stabilise the early ZO‐1 and N‐Cad puncta at the midline after cell rearrangements of neurulation have largely finished (Yang et al. 2009).  This suggestion is based upon the observation that 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premature overexpression of lin7c causes disorganised apico‐basal polarity, which is assumed to result from premature stabilisation of ZO‐1 and N‐Cad in ectopic locations (Yang et al. 2009).  This however was not directly tested and another interpretation of the data is that morphogenesis is uncoupled with the generation of polarity (see later in this section).  Therefore although the distribution of different proteins involved in apical polarisation become polarised at different times during neurulation, the functional step‐wise process of the maturation of apico‐basal polarity during neurulation remains to be proven.   Why is  mirror‐symmetric  cel l  division  important?  Mirror‐symmetric C‐division is a stereotypical behaviour of nearly all neural cells in the zebrafish neural keel and rod.  However its importance for correct neural tube morphogenesis is only beginning to be investigated.  One way to do this is study the formation of the neural tube in the complete absence of cell division, which can be achieved by using pharmacological inhibitors to blocking cell division.  Several groups have done this and have reported that zebrafish embryos form a normal neural tube with correct apico‐basal polarity by 24hpf (Ciruna et al. 2006; Tawk et al. 2007; Nyholm et al. 2009).  However a detailed analysis of neural tube morphogenesis in the absence of cell division has not been carried out, and given the specialised nature of this division, it might be expected to confer some advantage to the process of neural tube formation.  In collaboration with Una Ren in the Clarke lab, I have begun to investigate in more detail how the neural tube forms in the absence of cell division, with a focus upon how apical polarity is generated in the rod (Chapter 6).    
Importance of  coordinating cell  behaviours with morphogenesis  During zebrafish neurulation, individual cell behaviours such as cell division and intercalation are coordinated with the tissue movements of convergence towards the midline.  This coordination is crucial for normal neural tube morphogenesis, which is revealed by the neural tube defects of embryos that have delayed convergence, such as the zebrafish PCP pathway mutant trilobite (tri).  In tri mutants the neural plate converges more slowly than normal during neurulation (Sepich et al. 2000), and mirror‐symmetric cell divisions that usually occur at the midline in wild‐type embryos instead occur in ectopic locations either side of the midline before the neural primordium has even begun to form a keel at the midline (Tawk et al. 2007).  These divisions occur across the superficial deep axis of the tri neural plate, and the two daughter cells stay in register (fig 1.8B).  As the apical protein Pard3‐GFP is deposited at the abscission plane of the two 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daughter cells, they acquire mirror‐image polarity and this leads to the generation of an apical plane halfway between the superficial and deep surfaces of the invaginating neural plate (fig1.8B, Tawk et al. 2007).  By 24hpf, the tissue has undergone convergence and invagination at the midline to generate duplicated neural tubes, lying side by side, each with correct apico‐basal polarity (Tawk et al. 2007).    A couple of other studies have suggested that manipulations in signalling pathways other than the PCP pathway can also cause the duplicated neural tube phenotype.  It has been reported that ubiquitous overexpression of sonic hedgehog causes severe gastrulation defects and the formation of a bifurcated neural tube (Takamiya et al. 2006).  In this case, the two neural tubes were completely separated at some antero‐posterior levels.   Embryos heterozygous for the mutant locus half baked, show a concomitant widening of the dorsal ectoderm and shortening of the body axis during gastrulation, which results in a broad neural primordium with ectopic neurons at the midline by 24hpf (McFarland et al. 2005).  These observations are consistent with a neural tube duplication, because neurons form at the basal edge of the neural tube that in regions of duplication sit at the embryonic midline.  Finally neural tube duplications can even arise when genes important for the convergence of the mesoderm, such as has2 are knocked down (Tawk et al. 2007).  The correlation of the occurrence of neural duplications with a convergence phenotype in all these different mutants suggests that any delay in convergence may cause neural tube duplications.  I have tested this idea in Chapter 3, by investigating if surgically delaying convergence in wild‐type embryos also generates neural tube duplications.   In tri embryos, the occurrence of mirror‐symmetric C‐divisions in ectopic lateral locations before the tissue has converged towards the midline suggests that the timing of mirror‐symmetric cell division has become uncoupled from the morphogenetic tissue movements of convergent extension and invagination.  Furthermore, the observations that cells undergo mirror‐symmetric division on time, even though they are in the wrong place, lends itself to speculation that a cell intrinsic timing mechanism might control the time of cell division and polarisation during zebrafish neurulation.  In this thesis I have tested this intrinsic timer hypothesis using heterochronic cell transplantation (Chapter 4). 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THESIS AIMS  
• To test if surgically delaying convergence in wild‐type embryos generates neural tube duplications.   
• To test the hypothesis that an intrinsic timer controls neural cell mirror‐symmetric cell division and polarisation using heterochronic cell transplantation. 
• To investigate the role of the environment in neural cell polarisation by studying the timing of cell polarisation in abnormal neural environments and in extreme ectopic locations both in the embryo and 3D culture.  
• To investigate how the neural tube forms in the absence of cell division, with a focus upon how apical polarity is generated in the rod.  
 AB
	= 
	

	

!$6,1(&,*&+&!2*!+ /*%!&,!&-&*+,&*'&!,!'&+9 
*!+ ''#:'&<?6 '-*( ','(*!'!&, '*!+ !$!,15%*1'+/*
',!&!, *1&,-*$%,!&+3'*1+(*,(!*!&+'+!&$%$/!, 
-($$'&!&9-($:%$5(*,(!*!&+&$%*1'+,'',!&,<=(%3
+%$&%$!+ !&, +%,&#/*+(*,/!, !.!*-&,!$, ,!%, ,
%*1'+/**)-!*5$$%*1'+/*!&-,,=C5@°!&!+ /,*/!, 
%, 1$&$-3&+,'*!&,'(-$!+ *!,*!9!%%$<DD@:5

!$6,1(+,*!&+-+/*4-!&&9:3-($9:3!&7+'$$!$6,1(
9/,:3& *#!,9:5
&,*&+&!$!&/+-+449	-4:,'.!+-$!+&-*'&+9*#=;;;:5
/'%-,&,$!&+/*-+4	9*!,+%&<DDD:&

9++&=;;=:5

 
$+%!+/*$!&*!+1*+,*!,!'&&21%!+,!'&'*= '-*+30,*,-+!&
( &'$8 $'*''*%8!+'%1$$' '$%!0,-*9=@4=?4<3!%3BBA<B:3&(*!(!,,
,6=;°'.*&! ,!&+'$-,!'&'<;;E, &'$&;5;@'!-%,,5 /+
, &&,*!-3/+ !&B;E, &'$3&*+-+(&!&/,**1'*
,*&+*!(,!'&5&+6+,*&((%/+,*&+*!/!, , %
%	
+1+,%9%!'&:5/+(-*!!'&+(!&'$-%&9' :&!,+
'&&,*,!'&/+%+-*-+!&+(,*'( ','%,*5




$$%*1'!&",!'&+/***!'-,-&*!++,!&%!*'+'(-+!&$++
%!*'!&",!'&&$%'-&,'&%!*'%&!(-$,'*&,, ,'!'+(*!,2*
9&*$$.'*('*,!'&:5$$&%'*( '$!&'+/*!++'$.!&+*
/,*5&%'*( '$!&'+/*!&",,, <6?$$+,'*-!)-!,'-+0(*++!'&3
'*!&,'+-+,'$+,'%*+,, >=6A?$$+,+'*%'+!$$$!&'$$+5



  
 :<
  1)&#" #
# #  )&#"#%#%(%""(%( '#"-#!"'#"#'  )&#"
"'#%&$# "2594μ-!#%#!# 3",%#+,(%264!-!3
&&# )"609>"!%,#!(!*&(&2	%%&5==5.#*%,
6449.,#"&6449.%("644:.*644;30

		
	

• !%,#&*%+"8>$%#%! ,"2!3#%6#(%&-*'"' 
&"-'%##!'!$%'(%-#%#)%"''8°0
• '%+'#"!%,#&*%*&7+54!"&"%2?4071409>%'#"11
5443*'"' &"0
• ,*%'",%''%#(94>!'"# "%254!"&*&3'#544>
!'"# 27+9!"*&&3"$ '164°#%' &'74!"&-#'"#)%"'-
'#$%! &'!%,#&0
• +''!%,#&*%%,%',&%&#9!"('*&&'%#(;9>
!'"# "%-94>!'"# "%-69>!'"# "%-""  ,*&
7+54!"&"%0
• '%%,%'#"-!%,#&*%"('" #"&# ('#"2
-54>"#%! 
#%&-#)"#%&$&%(!-5>"%3#%' &'5#(%'%##!
'!$%'(%*'"' &"0
• !%,#&*%"('"$%!%,"'#,"
-#)%"''8°*'"' 
&"0
• "+',-!%,#&*%*&#%' &'6#(%&"%-""'
&# ('#")%,74!"&0
• #  #*"'&-!%,#&*%"('"&#"%,"'#,"
-#)%"''8°
*'"' &"0
• "  ,!%,#&*%%"&7+9!"&"%-"*&"%#%' &'6
#(%&'8°*'"' &"0
%!%,"'#&(&*%11525/944-,!3-125/744-#3-1$#&$#
&'#"	725/944-  &"  "-#%$&''3-1 !""25/944-!30
#"%,"'#&(&*% (#%&"' ,#"('1!#(&-1%'#%1
 +18<<- +198:- +1:77#% +1:8;25/844-# ( %%#&30

 	



• !%,#&*%+"8>$%#%! ,'8°#)%"'*'"' &"0
 58
• %# #2$4(%  0//9
 %2$4#*
• %# %  ! 649(4/9(149
 (# 4#*
•   !##-/*09#1/.%#! 
% !-%.2+5 54;*
• ! #%& !#  %(
 "  54;*
• #%%## #! )
4559%$(2291$ 54'
4229%$(5591$ 54'
41$ 54'
1//*1$:/*09#+1/ 54'
1$1//*0$:/*09#+1/ 54'- %.
4559/*1$ :229  
4229/*1$ :559  
4  
• %#! ! -!49!.1 
  !   +
 %-0)2///.#  % 
"  3;#  *
• $ %%### ! !-   	.
   #"!,
*%#   
 !  ! #"*
•  # %#$1/39*
• %%#%  %   
6/9%*
!#$2-0<,.($1-/*4<,.*

		 

 !$  #% "!  ! ! ! 
$* (%#! ! ++2(% $
% $0! #! !  %*
+-!(! 0)0///(25/4(
" .*
% $-!(! 0)4///(6/1/(
" .*
% $-!(! 0)4///(00257(
" .*

 =6
 

!' &  
$+!%)$!' & 7/;@!)& "! &$!%4?:7:-5 $
%-))%" $"&$%)&$+!'/($+!%
!$& 7>")$ %&&,)&&$ 308884768;87-5'% 
""$!*&+7.86'&! !&%&!%!'&! !$ &!&"$!&!! 
$%!!/!$!$%() -$+!%)$!$ &)&&$! &$%&
'""$!%&-!$!$&$ %($%() $+!%)$!' &)&&$!
 &$%&&&1#'&!$2!&$+!/

	 
$+!%)$! 8!$;! !$!%!"4-
$-$ +5-'% 86*-:6*!$<9*! 0)!$ %& )&$$%! 
!&(/!$( -& ($!  &$)%'%%&&8>/;A/!$
&0"% ! '$'&! -,0%&%!76086%&! %!($ "&!;60
766B)$& &$!'& '$"$!$'($+;076 '&%!$""$!*&+
>!'$%/

	
 
)! !&)%*"!$&&!	
4	-&&".33$%)/ /!(335!$ +%%/
%)$!"  +% 	
 !!&!%!"/	%)$
  !$"$% &&! +'%& &%!(%-$& %% ! &$%&- !!'$
  %&'$&! /$!&! %!,0%&!%)$*'"$!&! %
' %%!&$)% &/'$ +%%)%$$!'& $!%!&*/
'$%)$! %&$'& !	'%&$&!$/


 <8
	: 
	
4






:38 


 !* '+)+*+*+  /'&+ *!*+ ++&'!$!))&)4*/$$+)!!-!*!&%*%)+/
#/&%-)%&+ %,)#'#+)+ ')!$)/,*&%,)#+,,'#!+!&%*
!%'#%)##'&#)!+/56$,+%+$)/&*3 !*!*!%&%+)*++&&+ ).&)"+ + *
')-!&,*#/*,*++ ++ ' %&+/'&$,+%+*!*,*/+!-
&%+)#+)###!%+)#+!&%,)!%%,),#+!&%5!),%977;63

   	

* $+!!##,*+)+!%+ $&)' &%*!*&0)!* %,),#+!&%!** &.%!%!,)
:383 %,)#'#+!)*+&%-)*+&.)*+ $!#!%%!%-!%+*3,)!%"#
%)&*+*1+ ##*,%)&*'!#!0##!-!*!&%++ $!#!%%&%
, +)##!*'&*!+&% *!&+ $!#!%5!:3863%##* -
,%)&%+ !*!-!*!&%1$!#!%*$&)$*%+ #,$%&+ %,)#+,&'%*
* &)+#/+).)*3


%0)!* 1+ %,)#'#+!*%&+&%-%+!&%#'!+ #!,$1*##*&%&+ -.##4
!%'!&4*#'&#)!+/3 !*!*&%#/*+#!* ,)!%%,)#"#*+*. %+ 
+.& #-*&+ %,)#'#+$+++ $!#!%%$%/')&+!%*+ +,*,##/#&#!*
#&*+&+ '!#%*&##*.!+ !%%'!+ #!,$*, *1):1);1481&"
%!%<##&$%)! ++ $!#!%5#$ )4&**977:2."
977<2,%*&%977=2%977>63/)&%+,*+*1##+ *')&+!%*
&$#&#!*+&+ '!#%*&%,)&'!+ #!###*++ $!#!%5#$ )4
&**977:2."977<2,%*&%977=2%977>63 (,!*!+!&%
&'!&4*#'&#)!+/ ''%*&!%!%+##/*.!+ ##!-!*!&%*):4#&#!**
+&+ #-,))&.1&)#+)+&+ *!**!&%'#%1&##*,%)&!%4!-!*!&%
5."977<63):4)$!%*++ $!#%*&+ +.&, +)##**
+ /#&%+)&**&''&*!+*!*&+ %,)#)&%+ +.&, +)##*+ )&)
(,!)$!))&)!$'&#)!+/.!+ )*'++& &+ )5!:3863 ,*+ $!#!%
)&**!%!-!*!&%!+*#&) *+)+*+ *+#!* $%+&'!&4*#'&#)!+/,)!%
%,),#+!&%3
 0-








			

	
			

		
	

+ !""!! # #$" !!$!"!
# !$ !!'! "'&
#!! !#!"(! ! ' # !!
"!   !!!! !!    
!"(
+   #"  $!! !)  "
$!)
-)
(#! 
 !! !!!"'"!!" "!#!!
$!#!!$! !!!"!"*!! +(
"!   !' !! !%!!$$!
 !"'! !!$!!   !(
+ )  " ")# ) &!&
!
.)
("&!  
.)
  
" &!&!  ($#!! ! !  *!1,/+'

.)
  !!   !$!!$  ! 
*$ + !& !'# $!)!&(
!!)  !! !#! !!!  '&$! !!
 !"!  $&!! ( "! &	
*'+*+(

AC
Pard3-GFP
40 min
20 min
15 min
10 min
5 min
-10 min
0 min
B
-10 min
-5 min
0 min
20 min
15 min
10 min
5 min
30 min
25 min
mem-GFP H2B-RFP
Figure 3.1.  The midline crossing or C-division during neurulation 
generates daughter cells with mirror-image apico-basal polarity. 
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Figure 3.2.  The neural tube defects in MZtri and Ztri are similar.
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Figure 3.3.  MZtri and Ztri mutants both show ectopic cell divisions.A)  A time-lapse sequence from the MZtri mutant (Ciruna et al. 2006), showing a cell dividing in an ectopic location (arrow).  The medial daughter cell (arrowhead in A) does not cross the midline by t=25. B)  A confocal section through the Ztri neural primordium at 18hpf reveals that Pard3 is localised to the two ectopic apical midlines (arrows in B, Tawk et al., 2007).  C)  A confocal micrograph time-lapse sequence of cell division from the boxed area in B shows that Pard3 is mirror-symmetrically inherited during this ectopic cell division (Tawk et al. 2007).  The cell division orientation is similar to the sequence in A, and the medial daughter cell also does not cross the midline by 25min after division.  Figure A adapted from Ciruna et al, (2006)Figures B and C adapted from Tawk et al, (2007)
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10hpf
Figure 3.4.  Schematic llustrating the technique for surgical 
separation of the neural plate in split-brain embryos.
A)  At 10hpf, the neural plate was cut down the midline, at approximately 
the level of the first somite. 
B)  The tissues come apart immediately after cutting and yolk cells often 
spill out of the wound, ensuring that the cut extended through the whole 
depth of the neural plate.
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Figure 3.5.  Split-brain embryos have delayed convergence 
of the neural plate. 
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Figure 3.6.  Surgical separation of the neural tube down the midline 
efficiently generates neural tube duplications.
Dorsal view DIC images of split-brain and uncut wild-type embryos with apical surfaces 
outlined with red dots, basal surfaces with yellow dots, and the ventricles (v) are shaded 
in red.  In all pictures anterior is up.
A)  A split-brain embryo with duplicated neural tubes, each tube has its own ventricle (v1 
and v2) located on either side of the embryonic midline.  This duplication is at the level of 
the hindbrain as it is posterior to the midbrain hindbrain boundary.
B)  A split-brain embryo with an ectopic bridge of tissue spanning across the midline (b).
C)  Uncut wild-type embryos always have a single neural tube with a one ventricle at the 
midline. 
D)  Schematic diagram of a transverse section of a typical duplication found in trilobite 
(tri) mutant. Observe the Y-shaped ventricle connected at the ventral region.
E)  A split-brain embryo showing ventricle duplication in the dorsal region of the embryo.  
F)  Ventral focus of the same region in (E) showing that the duplication does not extend to 
the ventral most part of the neural primordium, thus forming a Y-shaped ventricle like tri 
embryos in figure (D).
G)  Schematic diagram of a transverse section of a more severe duplication where the 
neural tubes lie side by side, and each of the duplicated ventricles are completely separate. 
H)  The duplications in split-brain embryos can extend anteriorly into the midbrain (mb).  
Midbrain hindbrain boundary (MHB) hindbrain (hb).
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Figure 3.7.  The neural tube duplications of split-brain embryos have 
normal apico-basal polarity.
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Figure 3.8.  Neural progenitor cells in the region of duplication in split-brain 
embryos cannot cross the embryonic midline.
One side of the neural plate was labelled by photoconverting Kaede from green to red.  
Then the neural plate was cut down the midline and the resulting split-brain embryo was 
imaged from a dorsal view at 28hpf.  Anterior is up in all images.
A)  A bright field image shows that the neural tube shows a duplicated morphology in the 
anterior hindbrain (bracket in A).  Red dots outline the apical surface, yellow dots the 
basal surface.  
B)  A confocal projection of neuroepithelial cells labelled with converted Kaede (red) in the 
same embro shows that red cells are bilaterally distributed where the neural tube is not 
duplicated.  However they only populate the left side of the duplication (bracket indicates 
duplicated region).  White dotted lines indicate the embryonic midline.
C)  This merge panel confirms that cells have not crossed the embryonic midline in the 
region of duplication. 
28hpf
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Figure 3.9.  Split-brain duplications are caused by ectopic C-divisions.
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Figure 3.10.  Cell division inhibitors rescue the neural tube duplications 
usually generated in split-brain embryos.  
A)  Dorsal view bright-field image of a split-brain embryo shows that inhibiting cell 
division throughout neurulation can completely rescue neural tube duplications. By 30hpf 
the embryos have a single neural tube with a central midline ventricle (shaded in red).  
B)  Dorsal view bright-field image of a split-brain embryo showing that inhibiting cell 
division throughout neurulation can partially rescue neural tube duplications so that only 
a small island of ectopic neural tissue (i) is formed.  
C)  The proportion of embryos with neural tube duplications is significantly reduced when 
cell division is blocked (χ² test). 
D)  Control embryos have many cells dividing at 24hpf, as shown by antibody staining for 
phospho-H3, which marks cells in early mitosis. 
E)  Inhibiting cell division during neurulation from 12hpf until 24hpf, reduces the number 
of phospho-H3 positive cells at 24hpf.
F)  Table comparing number of phospho-H3 positive cells in 3 different areas of the brain 
in separate control and division inhibited embryos (n=1 for each category).  Mitotic figures 
were reduced by 62% on average.  
In all figures anterior is up and red dots outline the apical surfaces, yellow dots outline the 
basal edge of the neural tube.  All images show a dorsal view of the hindbrain.
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Figure 3.11.  Schematic illustrating neurulation in wild-type and 
split-brain embryos.  
A)  In wild-type neurulation, cells undergo mirror-symmetric division at the 
midline at keel and rod stages.  A single lumen has formed in the neural tube 
by 24hpf.
B)  In split-brain embryos cells divide and polarise in ectopic locations 
because the neural primordium is split in half.  This causes ectopic apical 
surfacesto form, and duplicated neural tubes to develop.  
In both figures, Pard3 (apical) localisation is shown in red, and GFAP (basal) 
is shown in yellow.  
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Figure 4.1  Method of heterochronic cell transplantation 
A)  The fate map at shield stages shows that left and right midbrain and 
hindbrain fated regions are non-overlapping, thus enabling unilateral target-
ting of transplanted cells.  
B)  Isochronic cell transplantation was carried out at blastula stages.
C)  Embryos illustrating the approximate stages of the young donor and old 
host for young into old cell transplantation.
D)  Embryos illustrating the approximate stages of the old donor and young 
host for old into young cell transplantation. 
Donor embryos were coinjected with mRNA encoding H2B-RFP and either 
Pard3-GFP or mem-GFP at the 1-2 cell stage to obtain ubiquitous labelling 
(red shading).
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Figure 4.2 Pard3-GFP becomes polarised to the midline in different brain regions at a similar 
time, except in the telencephalon.
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Figure 4.5 Younger transplanted cells polarise according to their age.
A-C) Confocal micrographs of transplanted cells labelled with Pard3-GFP and H2B-RFP 
(A,B) or Pard3-GFP and mem-Ch (C).  
A)  Young (15hpf) transplanted cells in an older host do not have polarised Pard3-GFP at 
the midline. 
B)  Isochronic transplanted cells at 15hpf are not polarised as Pard3-GFP is localised 
within the cytoplasm of the cells.
C)  Isochronic transplanted cells at 18hpf are polarised with Pard3-GFP localised to the 
midline of the host embryo (arrowhead).
D)  Graph showing the proportions of isochronic or heterochronic transplanted embryos 
with strongly polarised, weakly polarised or unpolarised transplanted cells.  Younger 
transplanted cells in a older host have similar polarity to 15hpf isochronic cells, but their 
level of polarisation is significantly different to 18hpf isochronic cells (p<0.01, χ² test)
E)  Confocal micrograph of an embryo transplanted with both isochronic (green nuclei, 
18hpf) and young (red nuclei, 15hpf) cells.  Isochronic cells show polarised Pard3-GFP 
(white arrowhead), whereas the adjacent isochronic cells remain weakly polarised 
(yellow arrowhead).  Grey nuclei are the host nuclei. 
All confocal images are from a dorsal view and anterior is up.  White arrows indicate the 
embryonic midline.  
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Figure 4.6 Heterochronic cells can form ectopic lumens within the host 
neuroepithelium.
A)  Clusters of heterochronic transplanted cells can form outpockets of the host 
neuroepithelium.  Scale bar is 25μm.
B)  Some clusters of heterochronic transplanted cells form independent lumens within 
one side of the host neuroepithelium. 
C)  Whole-mount immunohistochemistry of transplanted embryos using an antibody to 
GFAP (blue) to reveal the basal edge of the neural tube, shows that the clusters are 
located within the host neuroepithelium.
D)  Optical sectional reconstruction of the outpocket in A, at the level of the dotted line.  
Pard3-GFP is localised to the centre of the cluster and outlines a continuous lumen.  
E)  Optical sectional reconstruction of the cluster of cells with an independent lumen in 
B, at the level of the dotted line.  Pard3-GFP is localised to the centre of the cluster and 
outlines a small lumen in the centre of the cluster.  
F)  Older transplanted cells (red nuclei) form a small cluster within the host tissue 
(green nuclei) stained for the apical marker ZO-1.  ZO-1 is strongly polarised in the 
centre of the small cluster of older transplanted cells (yellow arrow in F'), whereas in 
the rest of the tissue only faint spots of ZO-1 are evident.  Scale bar is 25 μm.
G)  Histogram showing that the formation of independent lumens of old transplanted 
cells is abolished when cell division is blocked (p<0.05, χ² test).
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Figure 4.7 Young transplanted cells divide with an orientation 
typical of their age.
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Figure 4.8 Isochronic transplanted cells are able to cross the midline, and 
inhibiting cell division reduces the efficiency of midline crossing.
A,B)  Dorsal view confocal projections of isochronic transplanted cells labelled with 
Pard3-GFP and H2B-RFP overlaid onto brightfield images of the host embryo at 22-24hpf.
A)  The bilateral distribution of transplanted cells shows that many are able cross the 
midline.  
B)  Fewer isochronic transplanted cells cross the midline when cell division is inhibited in 
the whole embryo during neurulation. 
C)  Graph showing the average number of successful C-divisions per embryo for non-
transplanted cells, isochronic cells, and isochronic cells with division inhibition.  Inhibiting 
cell division significantly reduces the number of successful C-divisions, *p<0.01, t-test.  
Error bars show the standard deviation.
D)  Dorsal view confocal projection of a control embryo at 24hpf stained with Phospho-
histone H3.  Many mitotic figures are present at the apical surface of the neural tube.  Red 
dots outline the basal edge of the neural tube.
E)  Dorsal view confocal projection of a division inhibited embryo at 24hpf stained with 
Phospho-histone H3.  The number of mitotic figures is greatly reduced compared to 
control embryos.  Red dots outline the basal edge of the neural tube.
F)  Table to show the variability in the number of phospho-histone H3 positive cells in 
control and division inhibited embryos.
Scale bars in each image are 25μm.
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Figure 4.9 Heterochronic transplanted cells have a reduced ability 
to cross the midline. 
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Figure 4.10 Clustering and the total number of transplanted cells does not 
affect the crossing behaviour of heterochronic transplanted cells.
A,B)  Histograms comparing the proportions of embryos (in %) against the number of 
successful midline crossing divisions for clustered and dispersed phenotypes in each type 
of heterochronic transplant.  
A)  In embryos transplanted with young cells, the greatest number of embryos had 0-9% of 
successful C-divisions in both clustered and dispersed phenotypes. 
B)  Similarly, in embryos transplanted with old cells, the greatest number of embryos had 
0-9% of successful C-divisions in both clustered and dispersed phenotypes, showing that 
clustering does not affect the efficieny of midline crossing.
C-E)  Scatter graphs showing that the number of transplanted cells does not affect the 
efficiency of midline crossing.  Each point represents a single specimen and shows the 
number of successful C-divisions of transplanted cells plotted against the total number of 
transplanted cells for that embryo.  There is no correlation between the number of trans-
planted cells and efficiency of midline crossing for isochronic transplants, for young cells 
transplanted into an older embryo or for old cells transplanted into a young embryo. r 
indicates the Pearson’s rank correlation coefficient for each data set.
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Figure 4.11 The antero-posterior location of isochronic transplanted 
cells affects the efficiency of midline crossing, but heterochronic trans-
planted cells still show an impairment in midline crossing.
A,B) Confocal micrographs of isochronic transplanted cells labelled with memGFP 
and H2B-RFP overlaid onto the bright-field image of the host neural tube. In both 
images are from a dorsal view and anterior is up. Scale bars are 25μm. 
A)  Isochronic transplanted cells in the midbrain and diencephalon integrate into 
the host neural tube, but tend to disperse less than hindbrain targeted cells. 
B)  Isochronic transplanted cells in the hindbrain.
C)  Graph showing the average number of successful C-divisions of isochronic cells 
transplanted into the hindbrain (hb) or midbrain and diencephalon (mb di).  The 
number of successful C-divisions is significantly lower in the midbrain and 
diencephalic areas than the hindbrain.  *p<0.01, t-test and KS test.  Error bars 
indicate the standard deviation.  
D)  Box plot displaying the distribution of the number of successful C-divisions per 
embryo in isochronic midbrain/diencephalon and heterochronic transplanted 
embryos.  Embryos transplanted with older or younger cells still show a 
significantly lower number of cells that have undergone successful C-divisions 
compared to isochronic midbrain/diencephalon transplanted embryos.  *p<0.01, 
KS-test.
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A  Old cells transplanted in a Young host
B  Young cells transplanted in an old host
or or
Figure 4.12 Schematic diagram to illustrate the cell behaviours of 
heterochronic transplanted cells.
A)  Schematic showing the early polarisation behaviour of older cells transplanted 
into a younger host embryo.  The older cells polarise and undergo mirror-symmetric 
cell division early.  They can form ectopic lumens within the host neuroepihtelium 
that are either independent from the host lumen, form an outpocket of the host 
neuroepithelium.  They also can integrate fully into the host neuroepithelium but 
most cells remain unilateral.
B)  Schematic showing the late polarisation of young transplanted cells in an older 
host embryo after the lumen has begun to open in the host tissue.  The young cells 
undergo mirror-symmetric cell division later than host cells, and therefore cannot 
cross the midline.  They are able to integrate fully into the host neuroepithelium but 
most cells remain unilateral.
plate      early keel       late keel           tube tube        tube
plate        early keel            late keel   tube             tube
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Figure 5.1  tri and MZoep mutants generate abnormal neural 
tubes with defective apico-basal organisation.
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Matrigel 
MZoep, WT or HuC:GFP 
donor embryo 
labelled with 
H2B-RFP and Pard3-GFP 
11hpf 
unlabelled host embryo 
50% Matrigel on a coverslip, on ice
11hpf 
2% Matrigel in L15
Incubate at 28.5˚C until 24-30hpf 
A B
Expel cells into the host embryo 
just under the EVL above the yolk 
in the lateral location indicated.
Either mount for time-lapse 
imaging at 13hpf or incubate at 
28.5˚C until 24hpf
C
Leave to solidify on 
bench for 30mins
D
V
D
V
Figure 5.2 Schematic illustration showing the method used for 
extreme ectopic transplants and Matrigel culture.
A)  Neural plate cells co-injected with Pard3-GFP and H2B-RFP mRNA were 
removed from wild-type or SB-treated (Nodal-deficient) embryos at 11hpf using 
a capillary needle. 
B)  For ectopic transplants, cells were expelled into an unlabelled host embryo 
of similar age just under the EVL next to the yolk, away from the embryo’s dorsal 
axis. 
C)  For three-dimensional culture, cells were embedded in Matrigel. 
In A and B, D (dorsal side of the embryo), V (ventral side of the embryo).
159
 493
8/7 
 "&%*#$ !&%%&"&$ !&&-!+-"!"$ !'$&'
 "$#"!%%!&%'$$"'!!&%%'%"!&& !"&%&% !&"#"0
%#"$&+'$!!'$'&"!/$%&+
&%&"$$&&%%' "$#"!%%%
 #"$&!&/"!+
&%&&"$% !!($"! !&"& $+"% #"$&!&
"$#"$%&"!/%&+-
* !& $+"!!($"! !&%)"% #"$&!&
"$#"$%&"!+#!%!6'&'$/

	 
	 	   


04%'%'+%%"&)&&&'!&"!%!#&-!&$"$%'%'%
 $$"$##"$&+/
&%#$"#"%&&&""!"&$%&##$"&!%&"
*#$%%'$!,$%!'$'&"!1!533;2/&&%&$&"!'$'&"!&
43#-04%!"&&&+  '!"%&" %&$+!&!'$&%%'1 $0
"%%5336.!533;2/	")($+44/8#-"!%&'+%$#"$&&
#$%!"% #'!&"04!!'$#&%1!533;2-)$%!"&$
%$#"$&!""' '&"!"041 $0"%%53362/'%&*&
& !"&##$!"#'!&"04$ !%'!$/	")($&%$&&+
!'$%&%-04%"%&"% #'!&-)" "!!&$&&&
 !%!'$'&"!#$"$%%%1 $0"%%5336.!533;2/


(("#$!'!% &""$%%%%!04#'!&&&&%%'
(+  '!"%&" %&$+&"&$ !)!#'!&"04$%&" (!&
'$!!'$&'"$ &"!/
(&!$&""!%%&!&!&
  '!"%&" %&$+#$"&""!"!" !"$ $+"%&$!&%&%
1% &"%2-&"!% !&%#"&%"04&"$+&&$"%%$!&
 $+"%!%&!'%$" &$"'!%&!!/*0'"$966)%'%%&
%"!$+!&"+-'%&(%%$"'!%&!!" #$&"*0'"$7::
 ! !)"0 "'!&#$#$&"!%18/6-2/04%&!!%"!+#$%!&&&
#(!&$'$%'$""!&$" $+"%&57#-"!%%&!&)&&%"%&"!&
&&'!&"!%!#&18/62/&57#-!"!0%#%&!!"&%"!$+
!&"+)%")%%")!+&"!+&&'"$%!!&"!&$"
%&!!)!&#$ $+!&"+)%" &&18/62/"!",0%&%)$
"&&$"'&!'$#$ "$' " $+"%&%($$!&%&%18/62-
-1-







 
	








*,! !"!".0' & 
 #$)!" ! "! !! 
!"!")!# +	, "  !
)
, "!	*-" !" !%"022 &!&
#  " !!"!  ")
, "!	*-" !" !%"1// &!&
# #&!!" !!"!  ")
, "!" !" !%"1// &!&
$!"!&!&"! $ !!!1// &!&
" !!" !!&)
, !"" !$*!&&" !!!!!
!"!!! +!*  
!,)
, % '* !"$*!&&!-/
#	*-"!)! !!!)% $ !
! !+
	,!%! !& !) % %

	 %"" "! ( !$!
#" "!	*-)! !)
, % !%! ! !
	$!!!!$
"	*-  $)

N
um
be
r o
f p
ix
el
s 
Pixel Intensity (256 gray levels) 
F Background   Signal
63x
z25 x 
3µm
D E
ZO-1 488 secondary ZO-1 633 secondary no primary, 633
A B C
OV OV
Figure 5.3 Method for assessing the establishment of 
polarity by ZO-1 immunohistochemistry.
162
052
#!"$#,0"),""&"("$"$!"
#"#("$!#"+"#!'"#"#"&#!!
#!"#-
*!'4+2.&"!%-4+2.*!#!),""
!(+#!&#"#(!#"#!!!"#!$*
&!!!"#"*#%!'$#"#(&"$#
"%!
"),%!!"%$""-"'"4+2.+
'"&#"$#,%$&!!!"!$*('"%#"
%$&!$#""-4+2.+


	 		 	

#!$$#",0!#%#$$!#$
!"""!*
("#!,0$#&,
#(!("($"#"#!(+
#"!(&##,"!#("
!###"!("-&1//6.*$##!"#
#"#"#!#("#!%$"(%"##+$!4+3"&"
!!"##%'$!#",0"#!"$"#),%"#!$#
"#!!!!&,#(!("!#"+#01*#$
#$!#""$"&!!("!#&,#(*$#,0!
"##!#!$$##$!#""$-#&###".#&,#(-
4+3.-4+3.!("+

!!""%",0$#%!#"""!&,#(
!("+#02*#$#!"#"##!#!$$##$!#""$*#
&,#(-4+3.-4+3.!("+	&%!(03*#$#!"#(
#!##&!"#$#$!"$!#&,#(-4+3.
!("-4+3.+(06*,0$#%"#&!""
&,#(!("-4+3.+
!("*$#%"#&!"*
$##"")#"$!#-4+3	.*"'#%!"(
$!#$$#"$!-!#4+0.+%!#""!%##
#!!!""#"#,0""!&,#(
!("+

 $#(#!$#,0&,#(#!!("*
$##
%!$!'",0$!"'!!"%!),%"
!#!("-4+3
.+
&,#(!("*#$!'"!"""#(
%!#*!%!1//'"#01#%!24/'"(06+
164

 



	
	



-	/!"#$$&# ' - %$-1#$'-$)!.-/
.-	/") #$"$#$# %"%$ ,
#"(%
  !" $ # 6 #%$&*-&#$" %$%"$##%%
$*-&# # ")##,") #'""  "#&'$
! #$" "" "$" "#! "" #,
!$%"#$" "#%!,
$ $$#$$$" %"# $%"$##%,"" '#
$$!!" ($! #$ # $%$%"!# $& !
%"$%,
#$## '"$  $# ("#$ 
%#$"$$!"# !%$ -1,"#508,
/ $12!+!%$ -1"!"#$'-$)!") #+"#$$"
$" % %$$$##%,
/ $13!+!%$ -1" "%" %#%$"#$$"$" % %$$
%"$##% '-$)!") #,
/ )14!+$"#$$$#$"%$  !%$ -1'-$)!
") # !"$ 13!,
/ )17!+!%$ -& #$ '"#$'-$)!") #,
/ $12!+!%$ -1"# !"#$") #+#$$"$" % %$$
%"$##%+'#'" !"$ '-$)!") #$12!,
/ $13!+!%$ -1"!"#$+%$"#$$"$" % %$$%"
$##% ") #,
/ )14!+$%"$##% %$$###$'" !"$ '-$)!+
!%$"#$$"$" % %$$$##%,
	/ )17!+$!%$& #$ '"#$%!$!#%"# $
%$$%"!" "%,

/ &"%" !(# 0-1#$ &"$ "'-$)!") #
%$$#, "'-$)!") #+$%" !(#"## &"$+
" &" 200!(#$12!$ &" 350)17!, "
") #+$%" !(# -1#$# ")"## &"$+
" 220$12!$ 370$17!+$ %$"##$"#$13!,$
$! $$"# #$"$'$%" !%$
'-$)!") #.$' ')/,"" ""#$$#$"
&$ ,
tr
ilo
bi
te
W
ild
-t
yp
e
6 som,12hpf 8 som,13hpf 16 som,17hpf10 som,14hpf
nu
m
be
r o
f p
ix
el
s 
of
 Z
O
-1
 a
bo
ve
 
ba
ck
gr
ou
nd
 in
 1
00
x1
00
µm
 R
O
I
A B C D
E F G H
I
Figure 5.4 Puncta of ZO-1 appear at the same time in wild-type 
and trilobite embryos.  
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Figure 5.5   The appearance 
of ZO-1 puncta is delayed by 
30minutes in MZoep 
mutants compared to wild-
type embryos.  
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Figure 5.6  The timing of Pard3-GFP polarisation during neurulation 
shows variation within and across different wild-type embryos.
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Figure 5.7 Puncta of Pard3-GFP appear 1.5hours later in SB- 
treated (Nodal-deficient) embryos compared to wild-type.
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Figure 5.8 Clusters of ectopically located neural cells form 
polarised cysts with one or more central lumens by 24hpf.   
A)  A cluster of transplanted cells labelled with H2B-RFP in a 24hpf host 
embryo.  The cluster of cells is located ectopically, distant from the brain.  Scale 
bar represents 100μm.
B)  Higher magnification of the ectopic cluster of A that shows that Pard3-GFP 
(green) is located at internal surfaces and demarcates a single lumen (L), 
revealing that the cells of the cluster are polarised.  Scale bar represents 10μm.
C)  Similarly, cluster of cells immunostained for the tight junction component 
ZO-1 (green) and the basal lamina component, Laminin (red).  The cluster has 
distinct tight junctions as ZO-1 located at the centre of luminal surface of the 
cluster, while Laminin surrounds the cluster.
D)  A larger cluster of transplanted cells labelled with H2B-RFP and Pard3-GFP 
is located ectopically, away from brain territories.  Scale bar represents 100μm.
E–E'')  Three z-slices through this larger cluster reveal multiple lumens 
outlined by Pard3-GFP (green). 1, 2, and 3 indicate three different lumens. 
within the cluster.  Scale bar represents 10μm.
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Figure 5.9 Time-lapse analysis of Pard3-GFP localisation in an ectopic 
cluster reveals that apical polarity is established on time.
A)  The ectopic cluster of cells (red) is located above the yolk at 13hpf. Scale bar is 100μm.
B)  The ectopic cluster of cells (arrow) has remained in an ectopic location by 24hpf.  
Scale bar is 100μm.
C)  The cells of the cluster have polarised with an apical surface outlined by Pard3-GFP 
(green) in the centre of a large cluster by 24hpf.  Scale bar is 100μm.
D-H)  Maximum confocal projections of Pard3-GFP at all z-levels through the cluster at 
hourly time points.  White arrows indicate Pard3-GFp puncta.  Scale bar is 10μm.
D)  At 13hpf the cells of the ectopic cluster are not polarised, as Pard3-GFP is diffusely 
localised in the cytoplasm. 
E)  Puncta of Pard3-GFP first appear at 14hpf.
F)  The puncta of Pard3-GFP are more numerous at 15hpf and are scattered throughout 
the cluster.
G)  By 17hpf, the puncta have coalesced into larger aggregates in the centre of the cluster.
H)  By 19hpf, puncta of Pard3-GFP have coalesced at the centre of the cluster in two 
locations (yellow arrows).
I-M)  Cell divisions indicated by the white dots and lines overlaid on maximum confocal 
projections of H2B-RFP at all z-levels and time points within the indicated 1hour periods.  
There is no pattern to the location or orientation of cell divisions.  Scale bar is 10μm.
N,O)  Time-lapse sequences of cell divisions with puncta of Pard3-GFP (arrows) located 
between daughter nuclei after cell division.  Blue dots label the mother cell in metaphase 
and the two daughter cells.  Time begins at metaphase of mitosis.  Scale bar is 10μm.
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Figure 5.10 Ectopically located cells can differentiate into neurons outside 
the neural tube by 24hpf.
A)  30hpf brightfield dorsal view of a zebrafish.  The blue box shows the approximate 
location of the photomicrograph in B.
B)  Dorsal confocal section through the neural tube of a HuC:GFP transgenic embryo 
stained for ZO-1 at 28hpf.  All cell nuclei are labelled with H2B-RFP.  Pale blue ZO-1 is 
located at the apical midline showing that the neuroepithelial cells are polarised, and 
HuC:GFP expression reveals that neurons are located at the basal edge of the tube.
C)  A cluster of transplanted cells labelled with H2B-RFP is located ectopically.
D-D’’)  Different z-levels through an ectopic cluster of cells at 24hpf.  Some cells of the 
cluster are expressing GFP (green) showing that neurons are differentiating on time even 
in ectopic locations.  Arrows indicate presence of differentiating neurons.
E)  A large cluster of transplanted cells is located ectopically at 30hpf.
F)  Maximum projection of confocal z-slices taken through the centre of the cluster.  At 
30hpf, the cells of the cluster expressing GFP that have differentiated into neurons are 
usually located towards the edge of cluster.  ZO-1 is polarised to the centre of the cluster 
demarcating the luminal surface (L indicates the lumen). 
G)  Single GFP channel of the merge picture in F shows that some neurons have extended 
long thin processes resembling dendrites (arrows), which usually project away from the 
cluster. 
Scale bar indicates 100μm in C and E, 10μm in B, D and G.
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Figure 5.11 Neuroepithelial cells form polarised cysts by 24hpf when 
cultured in three dimensions. 
Neuroepithelial cells were taken from an embryo at 11hpf, and cultured in Matrigel 
until 24hpf.
A-C)  A small projection of z-slices though the centre of a cluster of neuroepithelial 
cells expressing H2B-RFP (red, A) and Pard3-GFP (green, B).  The cells of the cyst are 
polarised with the apical marker Pard3-GFP localised to the centre of the cyst outlin-
ing a single central lumen (arrow in B).
D-F)  A small projection of z-slices though the centre of a second cluster of neuroepi-
thelial cells expressing H2B-RFP (red, D) and Pard3-GFP (green, E).  There are two 
distinct patches of apical membrane (arrows), indicating the presence of two lumens 
in the centre of the cluster. 
G)  Brightfield image of the cluster of cells in D-F.
Scale bar indicates 10μm.
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Figure 6.1  Pharmacological inhibitors can be used to reversibly 
block the 15th cell cycle during gastrulation
 
A-F)    Maximum projections of control and aphidicolin and hyroxyurea treated 
(division-inhibited) embryos stained for Phospho-histone H3 in red to visualise 
cells undergoing mitosis.  All nuclei are labelled in green with sytox-green.
A,B)  After 1 hour of incubation in aphidicolin and hydroxyurea the number of 
mitotic figures was greatly reduced in these embryos (n=6) compared to control 
embryos (n=6).  
C,D)  At the end of the incubation period cell division was still markedly reduced 
(controls n=8, division inhibited n=8). 
E,F)  One hour after wash the number of mitotic figures in division-inhibited 
embryos remained low (n=5) compared to control embryos (n=6). 
G)  Graph showing that cell division is reduced to less than 20% of the wild-type 
level of cell divisions when embryos are treated with aphidicolin and hydroxyurea 
and remains reduced for 1hour after wash out of the drugs. 
Scale bar in A is 100μm. 
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Figure 6.2 Neural progenitors in the neural rod of 15th cycle embryos 
undergo cell division showing many of the characteristics of C-division. 
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Figure 6.3 The timing of ZO-1 polarisation is the same in 15th 
cycle embryos compared to control embryos.
 
A-F)  Dorsal view confocal projections through the hindbrain of control and 
15th cycle embryos labelled by immunohistochemistry for ZO-1 (green). 
A,B)  Control and 15th cycle embryos only show a few faint puncta of ZO-1 at 
15hpf.
C,D) By 16.5hpf, ZO-1 is similarly localised to the midline of the neural rod in 
control and 15th cycle embryos.
E,F)  By 18.5hpf in both control and 15th cycle embryos, ZO-1 outlines the 
apical surface of the neural tube, and the ventricle has begun to open, indicating 
that the temporary division block does not affect the establishment of apical 
polarity or lumen formation.
Scale bar in A is 25μm and applies to all images.
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Figure 6.4 Emi1 morpholino effectively blocks cell division during 
neurulation.
 
A-H)  Maximum projections of control and emi1 morphants stained for Phospho-
histone H3 (red) to visualise cells undergoing mitosis (n=3-8 for each time point).
I)        Graph showing that during neurulation (from 10hpf to 17hpf), the level of    
           mitosis in emi1 morphants is less than 10% of the control level, but is 
           unaltered before neurulation (7.5hpf).
           Scale bar in each image is 100μm.
           Images E-H kindly provided by X. Ren.
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Figure 6.5 Neural progenitors polarise on time in the absence of cell 
division
A-J)  Frames from simultaneous time-lapse movies of control and emi1 morphant 
embryos undergoing neurulation.  Both embryos ubiquitously express Pard3-GFP 
(green) to show the establishment of apical polarity.  Puncta of Pard3-GFP occur close to 
the midline in both embryos at 14hpf (white arrowheads).  Puncta become more numer-
ous over time and both embryos have a fairly straight midline seam of Pard3-GFP by 
18hpf.  Bracket in J indicates a gap in the midline localisation of Pard3-GFP.
K)  Single frame from a time-lapse overlaid with a line across the width of the neural rod 
to indicate how the average plot profiles of Pard3-GFP intensity were obtained.  
L)  Graph showing the plot profiles of the Pard3-GFP intensity across the neural rod over 
time for one control embryo.  
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Figure 6.6  In the absence of cell division, Pard3-GFP localisation at the 
midline of the neural rod at18hpf is imprecise. 
A-D)  Plot profiles showing the fluorescence intensity across the neural rod in 2 control 
and 2 emi1 morphant embryos over time.  The plot profiles at consecutive time are shifted 
vertically.  The grey lines show the breadth of the peak at 18hpf for easy comparison.  
At 15hpf the intensity of Pard3-GFP is relatively uniform across the width of the neural rod 
for most embryos. Arrowhead in fig 6.6C highlights a small peak in the centre of the neural 
rod in emi1MO 1. By 16hpf, all embryos show a low broad peak of Pard3-GFP fluorescence 
in the centre of the neural rod (red trace).  From 16hpf to 18hpf, as Pard3-GFP coalesces 
towards the midline of the neural rod, the peak becomes narrower and increases in 
intensity across all 4 embryos.  By 18hpf, all four embryos show a tall peak of fluorescence 
in the centre of the neural rod, although the broader peaks of emi1 morphants compared 
to control embryos (grey arrows) suggests that the formation of the apical surfaces at the 
midline of the rod is slightly disorganised in division-blocked embryos.  The fluorescence 
intensity of Pard3-GFP increases at the lateral edges of some traces (A,D) because some 
particularly bright cells are located on one side of the neural rod.  
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Figure 6.7 Division-blocked embryos have a disorganised midline.
 
A-J)  Control and emi1 morphants were fixed and stained for ZO-1 (green) to show the 
organisation of the apical midline, and most were stained for phospho-H3 to show 
mitotic cells (red in insets).  All images are confocal projections taken from a dorsal view 
through the hindbrain.  Anterior is up in all images. 
A,B)  Puncta of ZO-1 are broadly scattered near the centre of the neural rod in both 
control and emi1 morphant embryos at 14hpf. 
C,D)  Puncta of ZO-1 are more numerous but remain scattered near the centre of the 
neural rod in both control and emi1 morphant embryos at 15.5hpf  
E,F)  At 17hpf the puncta have coalesced at the midline in both control and emi1 mor-
phant embryos, although the midline staining is slightly wider in emi1 morphant 
embryos 
G,H)  At 18hpf the midline staining is less uniform in width in emi1 morphant embryos 
compared to controls. 
I,J)  Finally at 20hpf, when the ventricle has begun to open, the ZO-1 staining reveals that 
ventricle opening is less organised in emi1 morphants compared to controls, as the two 
apical surfaces of each side of the neural tube remain in close apposition at certain 
points (arrowhead). 
Scale bar in A is 25μm.  All images kindly provided by X. Ren.
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Figure 6.8 Cells and nuclei lie across the midline in division-blocked 
embryos causing interruptions in the apical surfaces.
 
All images are dorsal view confocal projections of several z-levels covering a depth of 
20-30μm.  Anterior is up in all images.  Scale bars are 25μm.  
A,B,C)  Immunohistochemistry of control and emi1 morphant embryos for ZO-1 (red), 
Phospho-H3 (white), and counter-stained with sytox green to label all nuclei (green).  In 
all images anterior is up.  White arrowheads show nuclei spanning the midline of the 
neural rod in B and C.
A',B',C')  The ZO-1 channel of A-C only, red arrowheads highlight gaps in ZO-1 staining.
A)  Nuclei lie either side of the apical surfaces and several mitotic cells are present close 
to the apical surfaces in control embryos.
A')   The apical surfaces at the midline of the neural tube of control embryos are 
continuous.  No mitotic cells are visible.
B)  In the hindbrain of emi1 morphants at 18hpf, some cells stretch across the midline of 
the neural tube and their nuclei remain in the middle (white arrowheads).
B')  This results in periodic interruptions in the apical ZO-1 staining (red arrowheads). 
C)  Nuclei are also positioned in the middle of the neural tube in spinal cord regions in 
emi1 morphants at 18hpf (white arrowheads).
C')   These ectopic cells cause similar interruptions in the apical surfaces in the spinal 
cord.
All images kindly provided by X. Ren.
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Figure 7.1 Model of cell polarisation in wild-type, delayed-convergence 
and division-blocked embryos.
A)  In wild-type embryos cells establish apical polarity as divide at the midline of the 
rod.  The two daughter cells from each division extend equally across each side of the 
rod such that apical proteins are localised to the midline.
B)  In embryos with delayed convergence (tri and split-brain), cells undergo mirror-
symmetric cell division in ectopic lateral locations.  This leads to the generation of 
bilateral apical seams and duplicated neural tubes.
C)  In division-blocked embryos cells stretch across the neural rod, but Pard3 still 
polarises close to the midline of the rod.  The formation of a straight apical seam is 
disrupted as cells remain stretched across the midline and the localisation of Par3 to 
the midline is imprecise. 
D-F)  Three potential mechanisms for how cells are able to locate the midline of the 
neural in the absence of cell division.
Green represents Pard3-GFP, blue dots are centrosomes, orange represents the basal 
lamina.  Cells are coloured grey and red to illustrate left and right sides.
Images adapted from a figure by Una Ren
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